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The Phosphate Requirement of Barley at Different 
Periods of Growth. 

BY 

WINIFRED E. BRI5NCHLEY, D.Sc. 

(Kotha?nsteil Experimental Station). 

With Plate III and nine Figures in the Text. 

Contents 

Scheme of Experiment 
Tiller Production . 

Ear Formation . 

Grain Formation 
Dry Weight 
Phosphate Uptake . 

Discussion . 

Summary 

T HE growing* realization of the importance of phosphorus in plant nutri- 
tion has led to a good deal of attention being focused on the periods 
of the life-history in which the element is of the greatest value to the plant. 
The question of economy in phosphate utilization and supply has a very 
direct bearing on agricultural practice, and the experiment here to be con- 
sidered has been undertaken with this in mind. On arable land phosphatic 
manures are generally applied before or at the time of sowing, to ensure 
that they are properly mixed with the soil, and the soundness of this pro- 
cedure as regards plant nutrition receives further support from the results 
here presented. 
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Scheme of Experiment. 

With a view to testing the effect of alteration in the phosphate supply 
at different growth periods, experiments were made in which barley plants 
were grown for varying times in solutions containing phosphate, and were 
then transferred to other solutions minus phosphate. Vice versa, plants 

[Annals of Botany, Vol. XLIII, No. CLXIX, January, 1939] 
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grown without phosphate at first ultimately completed their growth in the 
presence of a full supply of phosphate, the successive transfers of five plants 
each being made in both cases at fortnightly intervals. This gave two series 
of plants grown respectively with and without phosphate for o, 3 , 4, 6, 8, 
10, 12, 14, and 16 weeks, then receiving the reverse treatment. Simul- 
taneously two series of five plants each, started with and without phosphate 
respectively, were changed into the reverse solution at the end of every fort- 
night, giving a double set which only had phosphate available for half-time, 
evenly distributed throughout the growth period. It was hoped that this 
might indicate whether the temporary presence or absence of phosphate was 
more critical at any one point in the life-history than at another. At the 
time of each transfer five similar plants from both original sets (± P) were 
determined for dry matter and phosphate content, giving a measure of the 
position when each change of treatment occurred. The plants were grown 
singly in bottles of 600 c.c. capacity, and the solutions were changed weekly. 
The roots of the plants undergoing transfer were carefully washed to remove 
as much of the old solution as possible, to avoid carrying over more phos- 
phate than could be avoided, the no phosphate roots being washed for the 
sake of uniformity. 

The solutions used were as follows : 


Potassium nitrate . 

Potassium di-hydrogen phosphate 
Potassium mono-hydrogen phosphate 
Sodium chloride . 

Magnesium sulphate . 

Calcium sulphate .... 
Potassium chloride .... 

Ferric chloride 

Water 


ith Phosphorus. 

Without Phosphorus. 

1 grm. 

1 grm. 

o*3 „ 

— 

0*27 „ 

— 

o-5 „ 

°*5 »> 

°'5 

°*5 » 

°-5 »> 

o-5 

— 

°’4 >) 

0-04 „ 

0-04 „ 

make up i litre 

to make up i litre 

(pH 6-2) 

(pH corrected to 6-2 by 
the use of NaOH solution) 


The complete nutrient solution supplied phosphorus at the rate of 
116-5 P ar ts per million, equivalent to 266-7 p.p.m. P.,O ry Analyses made 
of avei age plants at fortnightly intervals showed a maximum uptake of 
0-1646 grm. P.fl^ during two weeks of active growth with two changes of 
solution. This represents 0-0823 grm. per week, equivalent to 82-3 p.p.m .P. i 0 5 
taken up from a solution originally containing 226-7 p.p.m. Thus it is clear 
that an ample reserve of phosphate was always available for use throughout 
the periods that phosphorus was supplied, and no question of deficiency 
effect due to inadequate rationing of phosphorus can therefore arise. 

A puie strain of Goldthorpe barley was used, graded between 0-04 and 
and 0-05 grm. weight, sown in sawdust April 1st, 1927, and put into nutri- 
tive solutions April 8th. The seed coats showed a tendency to develop 
mould, and as soon as the endosperm was absorbed they were removed and 
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no further trouble occurred from that source. Week by week the number 
of tillers on each plant was counted, each new tiller being labelled by num- 
ber. Towards the end of the experiment many tillers died, and the progress 
of this decrease was also recorded. 

The plants that bore ears were harvested as they became ripe, when 
all green colour had disappeared from grain and awns, cutting being spread 
over three weeks. Even at the end of that time a few of the tiny plants 
grown without phosphate were still green, but nothing would have been 
gained by keeping them longer. Most of the plants without ears were cut 
eight days after the beginning of harvest, in a succulent green condition, as 
they tended to die off in a decayed state if left too long. 

At the time of harvest each earing tiller was measured from the base 
to the middle of the ear, and the number of grains and sterile flowers from 
each ear was counted. Shoot, leaves, root, grain and sterile flowers were 
weighed separately, and to the leaves and shoots were added those which 
had died during growth and been kept till required. The dry weights only 
were recorded, and phosphate determinations were made on grains and sterile 
flowers together, shoot and leaves together, and on the roots. The latter 
presented difficulty, as it was impossible to be certain that all the phosphate 
from the nutritive solution was removed from the root in spite of most care- 
ful and prolonged washing in many changes of water when harvested. 
When the analytical figures became available, however, it was obvious that 
the washing had been more complete and successful than was hoped for. 
(Data given in Appendix A.) 

Tiller Production. 

Wficn phosphate was present at the outset tiller formation began from 
two to three weeks after the seedlings were put into solutions and proceeded 
at a rapid rate, an average of twenty tillers per plant appearing in the next 
four weeks, after which the rate began to slacken off. During the first 
period all the plants were very uniform in behaviour, as the total range of 
variation for groups of five plants did not exceed three tillers (Text-fig. 1, 
May 26th). During the later period the majority of new tillers were small 
and insignificant, and tended to die off without developing much. Individual 
plants varied greatly in this respect, causing considerable divergence in the 
tiller numbers for groups of five plants. This divergence set in weeks 
before any change of treatment occurred in those plants which grew with 
phosphate for twelve to sixteen weeks, and therefore was not connected in 
any way with the removal factor. Considering the curves for all treatments, 
it therefore seems probable that there is little or no significant difference in 
the total number of tillers produced, provided phosphorus is available 
during the first six weeks. If it is only present for four weeks, tiller forma- 
tion continues for another fortnight as rapidly as where phosphorus is still 
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available, but then is suddenly checked for all time. If the removal occurs 
after a fortnight three or four tillers are produced during the next two weeks, 
and then formation ceases except in isolated cases. 

When phosphate was withheld for the first fortnight, the number of 
tillers produced was slightly depressed for about two months, after which 

Num ber 
of tillers 



Text-fig. i. Graph showing total number of tillers formed in barley grown with phosphate 
at first, then without phosphate. ( + &c *> indicate number of weeks with phosphate.) 


there was no significant difference from the plants which had received phos- 
phate alt through until towards harvest time, when the initially deprived 
plants were still forming new tillers (Text-fig. 2). After four weeks with- 
out phosphorus, tiller production proceeded at as rapid a rate as in the 
above case, but showed hardly any slackening at harvest, by which time 
about as many tillers were present as in the fully-fed plants. Longer 
periods of deprivation did not admit of so marked a recovery, a few tillers 
being formed when phosphorus was first supplied, after which the impetus 
seemed to cease. The energy of tiller production decreased as the period 
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without phosphate became longer, plants grown for sixteen weeks without 
phosphorus failing to show any response whatever, though some might still 
have been shown if the plants had been kept longer. 

In both cases, whether phosphate was initially supplied or withheld, the 
critical period seemed to lie between the first four and six weeks, a definite 
change in the direction of the effect of the treatment occurring between 


Number 
of' tillers 



A pi 1 1 f1aij June July Auq. 

TkXT-FlG. 2 . Graph showing total number of tillers formed in barley grown without phosphate 
at first, then with phosphate. ( — 1 \ &e, indicate number of weeks without phosphate. ) 

these dates. The considerable length of time that plants starved of phos- 
phorus retain their power of responding by tiller production when 
phosphorus is given is worthy of note. 

Ear Formation. 

Provided phosphate was available for the first six weeks, removal at 
any later date did not significantly affect the number of ears produced, 
which amounted, roughly speaking, to about one-half the total number of 
tillers formed (Text- fig. 3). With shorter periods in phosphate ear produc- 
tion declined rapidly, the same ratio to total tiller formation being main- 
tained approximately. The majority of the ears were produced by the 
earliest tillers, the reduction in tiller numbers being mainly due to the death 
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of those formed later in life. In some cases, however, where phosphate was 
presented for a limited time at the beginning there was a tendency for one 
or more of the very first tillers to fail to produce ears. The reduction in 
the number of ears was accompanied by a reduction in size and quality, and 
those ears with only two weeks in phosphate tended to die off without 
emerging properly, before the grains had filled out. Despite variation in 



r^XT-MG. 3. Graph showing correlation between (a) total number of tillers formed; 
{()) number of living tillers at harvest ; (<■) number of ears produced in barley, as affected by 
varying phosphate treatment. 

size, all the plants started with phosphate were of similar type, showing 
erect tillers and ears, though leaf production was more prolific with some 
treatments, as will be shown later (PJ. Ill, Fig. 1). 

When phosphate was omitted during the early history a different course 
of events resulted. Omission for the first two weeks had no adverse effect, 
but omission for four weeks changed the character of the plant completely 
and entirely inhibited car formation (PL III, P ig. 2). The number of tillers 
ultimately formed was much the same in both cases, but with four weeks 
omission of phosphate they were very sappy and flabby in nature, readily 
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attacked by mildew, and altogether unhealthy and abnormal in type. The 
large number of tillers and absence of ears gave the plants a very curious 
and characteristic appearance. As the time without phosphate increased to 
ten weeks the type of growth remained the same, but the number of tillers 
fell rapidly and the plants became very small. With twelve weeks and 
more without phosphate the growth type again changed, the succulence of the 
few tillers (if any) disappeared, and the thin feeble main shoot in most cases 
developed a small badly-formed ear, with very few grains, of which most 
were sterile. The need of phosphate very early in the life-history is clearly 
shown, and is evidently associated primarily with ear formation. Its 
absence at the critical moment abruptly checked this, but did not at the 
same time affect tiller production, thus accounting for the large bunchy 
plants produced after four weeks without phosphate. Longer periods of 
deprivation reduced tiller production until a point was reached when a 
characteristic ‘no phosphate' type was fixed, in which the energy of the 
plant was directed to the formation of a travesty of an car at the expense of 
the phosphorus stored in the seed, little or no attempt at tiller formation 
being made. 

Grain Formation. 

Provided phosphate was present for the first six weeks, little significant 
difference occurred in the total number of grains produced if it were with- 
held at any later date (Text-fig. 4). The largest proportion of grains to sterile 
flowers occurred with six weeks phosphate, the proportion being less with in- 
creased phosphate provision, though there was no regularity in the varia- 
tion of the ratio with different periods of time. When phosphorus was only 
available for the first four weeks or less the total number of grains fell below 
that of the sterile flowers, until with entire absence of phosphorus no grains 
at all were produced. 

The course of events for the average number of grains per ear was very 
similar to the above, showing that the decrease in the number of ears due to 
acpte phosphate deficiency (Text-fig. 3) was paralleled by a similar reduc- 
tion in grain formation per ear. The close similarity in the average number 
of grains per ear provided phosphate was given for six weeks or longer, was 
noteworthy, the maximum variation being two grains per ear. 

The omission of phosphate at the outset was of far greater significance 
to grain formation than its removal at any time after initial supply. The 
absence of phosphorus for the first fortnight did not affect the total number 
of flowers produced, but it so decreased the grains and increased the sterile 
flowers that the proportions of the two classes were equal instead of being in 
the ratio of 2/1 as when phosphorus was supplied throughout. As already 
noticed, ear and grain formation were entirely inhibited with longer periods 
of phosphate omission up to twelve weeks, at which point feeble single ears 
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were produced with a larger proportion of sterile flowers to grains. The 
actual number of grains and sterile flowers per ear tended to decrease 
somewhat with lengthened periods of phosphate omission, being least where 
no phosphate was supplied at any time. 

It is evident from these results that the critical period of need of phos- 
phate for grain formation is at the beginning of development and not at the 



Text-fig. 4. Graph showing effect of varying phosphate treatment upon (a) total number of grains 
and sterile flowers per plant ; {/?) average number of grains and sterile flowers per ear. 

end, the necessity being most marked between the second and fourth weeks, 
and fully supplied by the sixth, under the particular environmental conditions 
of the experiment. Even the first fortnight is of significance, as provision 
for that period alone tripled the flower production per ear compared to that 
when no phosphorus was supplied (twelve to four), whereas omission for 
the same period influenced development and reduced the proportion of grains 
to sterile flowers (from two : one, to one : one). 

Dry Weight. 

The dry weights of the whole plant, and of its component parts, were 
not significantly affected provided phosphate was supplied for the first six 
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weeks or longer, unless the heavier weight of grain and shoot with the eight 
weeks’ period should prove to be real after further experiments. Shorter 
treatment with phosphate caused a sharp depression of dry weight, speci- 
ally marked in the shoot and grain, less evident in the leaves and root 
(Text-fig. 5). The proportion of each component to the total dry weight 
was unaffected down to the six weeks period, but the reactions varied with 



TEXT-FIG. 5. Graph showing actual dry weight of barley and its component parts as affected 
by varying phosphate treatment. 


shorter times of phosphate provision. The percentage of the total dry 
weight provided by the grain declined very rapidly under these con- 
ditions, the shoot showed a definite but less marked decrease, whereas the 
leaves and root increased steadily in proportion as the time of phosphate 
supply was reduced to nil (Text-fig. 6). This latter phenomenon is always 
very obvious when the plants are handled during growth. The proportion 
of stem and leaf together, however, is very little affected by the time of 
initial exposure to phosphate, and the actual variation in proportion lies 
between the root and grain in such cases of phosphate deficiency. 

II 
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The omission of phosphate even for the first fortnight caused some 
decrease in the dry weight of all parts of the plant except the leaves, and 
deprivation for a month accentuated the fall, but still left the leaves un- 
affected (Text-fig. 5). The slight rise shown is unlikely to be significant. 
The marked decline of the various components continued with six weeks 



absence of phosphate, and at this time the leaves were adversely affected to 
the same degicc. After this the dry weights continued to decrease slowly 
with Iongei periods without phosphate, the total weight being only 0*356 grm. 
in the entire absence of phosphate supply. A striking effect of the initial 
omission of phosphate is that the proportion of leaf is higher than that of 
stem for the intermediate periods (1 ext-fig. 6), the difference being very 
gieat with from four to eight weeks' omission and decreasing with longer 
penoas, until with fourteen weeks’ starvation the normal order reasserts itself 
and the stems outweigh the leaves. The proportion of root to total shoot 
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is little affected until after eight weeks phosphate omission, when it rises 
rapidly and steadily with the increase of time of starvation. 

Under normal conditions of nutrition the dry weight of the entire shoot 
(stem, leaves, and grain) increases in proportion, at the expense of the root, 
till a few weeks before harvest, in this case forming ultimately about 90 per 
cent, of the total (Text-fig. 7). This is also the case if phosphate is pro- 



Tfxt i ig. 7. Graph showing percentage proportion contributed by diftcrent parts of the 
barley plant to total dry weight at different periods ot growth. 

vided for six weeks or longer, otherwise the root becomes proportionately 
heavier as the initial time of phosphate supply is lessened (Text-fig. 6). 
When phosphate is not available at the beginning, the ratio of shoot to root 
is throughout less than in the latter case. As the period of omission in- 
creases, the proportion of root rises rapidly at first, but after about eight 
weeks* omission, when the type of growth is changing (see p. 95) root 
development becomes less rapid than that of the shoot, the difference 
being the more marked the longer the period of initial phosphorus starvation. 
This variation again emphasizes the importance of the first few weeks in the 

11 2 
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phosphate nutrition of the plant, the whole course of the life-history being 
influenced by the conditions at that stage far more than by changes at later 
dates. 


Phosphate Uptake. 

(a) Phosphate present at beginning . 

Very little phosphorus was absorbed when phosphate was presented 
during the first fortnight only, but with longer periods of initial presentation 
the uptake increased rapidly, practically in direct proportion to the length 
of time phosphate was available in the solution (Text-fig. 8). A few weeks 
before harvest, however, the uptake at first slackened slightly, and then 
entirely ceased during the later stages of ripening of the grain, the presence 
of phosphate in the solution at this time being therefore redundant. Phos- 
phate uptake under these conditions corresponds closely to that recently 
shown by Arrhenius ( 1 ) for barley grown in water cultures and analysed for 
phosphate at fortnightly intervals. It is very significant that sufficient 
phosphate was absorbed in the first six weeks to enable the plant to make 
its maximum amount of dry matter, the necessary percentage of Pf) b 
amounting to 0-25 per cent, of the ultimate dry matter formed. The further 
supplies of phosphate absorbed during later periods had no influence on dry 
matter production, merely increasing the percentage of phosphate present. 
This is a further indication of the importance of phosphate supplies in the 
early history of the plant, the later supplies having little effect upon yield, 
though they improve the quality of the crop as far as nutritive value is con- 
cerned. The general trend of this result corresponds with that obtained by 
Pember ( 5 ), who states that during the first three weeks of growth in culture 
solutions his barley plants absorbed enough Pf) b to produce plants matur- 
ing nearly the maximum amount of seed. Pember and McLean (6) also 
indicate the very small amount of phosphate necessary to produce a good 
yield, o-2 per cent. P 2 0 5 in dry matter being adequate. 

Relation between Dry Weight and Phosphate Uptake. 


+ p 

Dry Weight 

p 2 o, 

Weeks. 

Total. 

Total. 


grm. 

grm. 

0 

0-36 

0-0006 

2 

2*39 

0-0039 

4 

14-08 

0-0361 

6 

34-62 

0-0878 

8 

37 *i 6 

0-2275 

10 

31-80 

0-2700 

) 2 

32-62 

o *3373 

14 

32*29 

0-4321 

16 

35 *i 6 

0-4825 

18 

35*02 

0*4871 
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The distribution of phosphate to the different parts of the plant varied 
considerably at different periods. In the shoot (including leaves) the per- 
centage of P 2 0 5 was constant for periods of phosphate presentation up to 



Text-fig. 8. Graph showing actual phosphoric acid present in barley plants, as affected 
by varying phosphate treatment. 

six weeks, after this the percentage increased steadily until about a month 
before harvest, and then again remained constant (Text-fig. 9 ). This varia- 
tion in percentage corresponds with a relatively slow reception for the 
first six weeks presentation, followed by a rapid increase in quantity, until 
at a month before harvest the supply was abruptly cut off. 

In the grain the percentage of phosphate increased rapidly until the 
initial time of presentation reached ten weeks, but with longer periods of 
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availability the percentage remained fairly steady. The greater part of the 
phosphate had passed into the grain after the first twelve weeks, the addi- 
tion during the last six weeks being small. This compares well with the 
result obtained in barley grown under field conditions (2). In unmanured 



Text-fig. 9. Graph showing percentage of P 2 G 6 in dry matter of barley as affected by 
varying phosphate treatment. 

soil the phosphate uptake of the whole plant ceased five weeks before 
harvest, and migration into the grain ceased about ten days later, whereas 
in manured soil the uptake continued rather longer, but ceased in the same 
way some time before harvest. 

The phosphate uptake of the root was distinctly different from that of 
the rest of the plant. The P 2 0 5 percentage remained low at first, rising 
slowly up to ten weeks’ initial presentation of phosphate, then proceeded 
much more rapidly to fourteen weeks’ initial phosphate, after which the rate 
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slackened again. With more than twelve weeks’ initial phosphate the per- 
centage of P 2 0 5 in the root was considerably greater than in either the shoot 
or grain. The actual amount of phosphate in the roots was very small till 
the change with the ten weeks’ set, but then rose rapidly and steadily until 
the end. It seems unlikely that the increase is due to extra phosphate 
remaining adherent to the surface of the root and not removed by washing, 
as during the time (ranging up to eight weeks) that the plants were grown 


Total P 2 0 5 Present in Barley. 

A. Plants transferred to solutions without phosphate at periods indicated. 

B. Plants harvested at periods indicated. 


After 

Shoot. 

Root. 

Grain. 

Total. 

Weeks 

with 

A. 

B. 

A. 

B. 

A. 

B. 

A. 

B. 

Phosphate. 

grm. 

grm. 

grm. 

grm. 

grm. 

grm. 

grm. 

grm. 

2 

0-0029 

? 

o-ooio 

? 

— 

— 

0*0039 

0-0014 

4 

0*0236 

00051 

0-0058 

0*0074 

o*oo6S 

— 

0-0361 

0*0878 

0-0125 

6 

0-03 1 7 

0-0431 

0-0095 

0-0213 

0*0467 


0*0644 

8 

0-1041 

O' 1 1 54 

0-0152 

o-o6oi 

0-1082 

— 

0*2275 

0*1755 

10 

o* 1626 

0-2017 

0-02 1 8 

0-0473 

0-0855 

-- 

0-2700 

0*2490 

12 

0-1823 

0-2952 

0-0515 

o*i 184 

0*1035 

— 

0-3373 

0-4136 

14 

0-2439 

0-3445 

0-0907 

0-1449 

0-0976 

0-0453 

0-4321 

0-5347 

16 

0-2510 

0*3306 

01154 

0*1138 

o*i 161 

0-0413 

0-4825 

0-4857 

18 

0-2409 

0*2409 

0-1367 

0-1367 

0*1095 

0-1095 

0-4871 

0-4871 


in solutions without phosphate, after their initial periods with phosphate, it 
may be expected that any adherent phosphate would be absorbed or washed 
off into the solutions, which were changed weekly. The indications arc, 
therefore, that phosphate absorption from the solution continued to a very 
late date, only ceasing shortly before harvest. Earlier than this, however, 
migration into the shoot slackened and finally ceased, the excess phosphate 
remaining perforce in the root, instead of being distributed throughout the 
plant, as occurred earlier in the life-history. The question arises as to 
whether loss of phosphate from the plants took place during the periods 
during which they were growing in no phosphate solution. A comparison 
df the calculated amounts of PjO& present in these plants with others 
harvested at each fortnightly interval provides no definite evidence that this 
was the case, possibly until the plants were approaching maturity. For 
each of the earlier periods (2, 4, 6, 8, 10 weeks’ initial phosphate) actually 
less P., 0 , was present in the plants sampled than in those grown on without 
phosphate, the difference obviously being covered by the variation in indi- 
vidual plants and the experimental error. For the next two or three 
periods the position was reversed, and it is possible that here some actual 
loss was incurred by the natural dying off of parts of the root at this stage 
of growth. The P.fl, content of the root at the actual time of change was 
in general higher than at harvest time after growing in no phosphate solu- 
tion, probably on account of phosphorus being transferred from the roots to 
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other parts when starvation occurred. This did not occur in the last two 
or three weeks when, as indicated before, migration within the plant has 
apparently ceased. The grain is obviously a first charge on the plant in the 
matter of phosphate supply, as the full complement was passed into the 
grain even when the plant received phosphate for the first eight weeks only. 
This stability was attained at the expense of the shoot, whose phosphate 
content at harvest was consistently lower than that of the samples taken at 
time of transfer to no phosphate solutions. 

(b) Phosphate absent at beginning. 

Phosphate deficiency in the early stages of growth had a drastic in- 
fluence upon the uptake of phosphate, paralleled closely by its effect upon 
the dry weight. An extremely rapid drop occurred when phosphate was 
withheld from two to six weeks at the beginning, after which a more 
gradual decrease set in with lengthening periods of phosphate privation 
(Text-fig. 8 ). There was nothing here to parallel the high dry matter pro' 
duction with small phosphate uptake as occurred in the reverse series (see (a)). 

With regard to the distribution throughout the plant, the bulk of the 
P 2 0 6 throughout was in the shoot. The first rapid drop in phosphate con- 
tent in the root occurred after four weeks’ initial starvation, a fortnight less 
than was needed to induce a similar drop in the shoot, indicating that the 
shoot is somewhat more resistant than the root in this respect. The per- 
centages of phosphate in the shoot and root followed markedly different 
courses. In the shoot a very heavy percentage was present after periods of 
starvation ranging from four to fourteen weeks, suggesting a considerable 
intake when phosphate was eventually supplied, without, however, sufficient 
vitality or response on the part of the plant to enable it to utilize this phos- 
phate in the production of additional dry matter (Text-fig. 9 ). In the root, 
on the contrary, the percentage of phosphate remained at a level much above 
that in the shoot, approximating to that of a normally fed plant until after 
six weeks’ initial phosphorus starvation, and then suddenly and rapidly 
decreased more or less in proportion to the increase in the time phosphate 
was withheld, falling below the percentage in the shoot at this stage. 

Pember’s results are in striking contrast to these, as he found that after 
serious semi-starvation of phosphorus during the early stages barley was 
able to utilize abundant later supplies satisfactorily, storing much of it in 
the seed. The crux of the discrepancy would appear to lie in the different 
effect of total and j^;«z-starvation in the early periods, but comparative 
experiments on this point are still wanting. 

Discussion. 

Under the conditions of the experiment, in which phosphate was either 
entirely withheld or supplied in ample quantity for certain periods, it is 
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evident that it is during the early stages of growth that the presence or 
absence of phosphate is of most vital importance. When a sufficiency of 
phosphate was supplied for the first few weeks tillering, ear and grain forma- 
tion and the production of dry matter proceeded as well and to the same 
degree as though phosphate had been present throughout. The uptake of 
phosphorus, however, did not follow the same course, but continued steadily 
until shortly before harvest, so that the percentage of phosphate present in 
the dry matter formed was correlated with the length of time that phos- 
phate had been available in the solution. Similar conclusions were reached 
by Hoagland (4), who indicated that the yield is largely a condition of the 
supply of nutrients during the first few weeks of growth, and is but little 
affected by the later uptake. On the other hand, the absence of phosphate 
from the nutrient solution, just at the time tillering was due to begin, 
inhibited the formation of cars without reducing tiller production until the 
phosphate had been withheld for a rather longer initial period. This find- 
ing as to the vital necessity of phosphate in the early stages of development 
appears to run directly contrary to the conclusion of Pember and McLean 
(6), who found that barley could utilize a deficient supply of phosphate 
equally well whether it was supplied early, in the middle period, or late in 
the life of the plants. The explanation of this discrepancy may lie in the 
fact that well water was used throughout the American experiments, pro- 
viding a certain amount of phosphate in every case over and above that used 
experimentally. It may be suggested that the actual requirement of the 
plant for phosphorus in the earliest days is exceedingly small, and that even 
a minimal amount supplied at this time ensures the proper laying down of 
the ears, which can then develop later, when more plentiful supplies of 
phosphate become available. In the total initial absence of phosphate for 
short periods the energy of the plant appears to be directed towards abun- 
dant tiller production at the expense of the ears, a tendency that would 
seem to be counteracted by the presence of small quantities of phosphate at 
this time. A further point to be considered is that Pember and McLean 
removed all tillers as they appeared, and only allowed the main shoot to 
develop. Consequently, any small supply of phosphate was concentrated 
in its sphere of action, and may have induced ear formation in cases in which 
it would have been insufficient if tillers had been allowed to develop. This 
is further exemplified by the Rothamsted plants, grown entirely without 
phosphate, which produced no tillers but developed one feeble ear plant, 
presumably at the expense of the phosphate contained in the seed. 

The presence or absence of phosphorus from the nutrient solution at 
the time tillering actually begins has a definite effect upon the later develop- 
ment. Plants that were grown with and without phosphate for alternate 
fortnights throughout their life-history showed differences in development 
according to whether phosphate were present or absent during the second 
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fortnightly period, in which tillers began to appear. With phosphate pre- 
sent at this time, the plants were distinctly ahead throughout growth, the 
ears emerged some days earlier, and the weight of the grain and the total 
dry weight were greater than when phosphate was absent at the critical 
moment. In the latter case, the ears did not all emerge completely even when 
ripe, giving the plants a characteristic appearance of poor growth (PI. Ill, 
Fig. 3 ). In both sets the dry weights of the grain, shoot, and the whole 
plant were considerably lower than when phosphate was supplied for the 
first six weeks and then withheld — i.c. over the whole period of eighteen 
weeks better growth was obtained with one-third the total possible supply 
of phosphate provided consecutively during the first six weeks than from 
one-half the supply provided intermittently throughout growth. This, 
again, may emphasize the importance of the early weeks, as in the alternat- 
ing series less phosphate was available during these weeks than in the case 
of the others, although their total supply was greater. 

t-v ,,, • , , + P first 2 weeks then -V first 2 weeks then 

Dry Weight. _ ^ 4 _ p , lltemate i y> + p, _ p alternately. 

grm. grm. 

Shoot 13*58 15-88 

Leaves 8-03 7-00 

Root 3* 1 S 2-60 

Grain 1* 1 1 3-18 

Sterile flowers 0-50 o-6o 

Total 26-40 29-26 

Compare 4 P for 6 weeks, then — P. 

Dry weight 34*62 grin. 

There would appear to be a certain limit of possible growth which is 
reached if phosphate is available for a certain consecutive period at the 
beginning of growth, but which is not attained if it is entirely withheld even 
for the first fortnight only, nor if an intermittent supply of phosphate is con- 
tinued throughout growth. 

Gerickc (3), working with wheat, obtained the maximum dry weight 
when the plants were grown in complete nutrient solutions for four weeks 
and were then transferred to solutions devoid of phosphorus. Decrease 
occurred in the ultimate dry weight as the initial period with phosphate 
was lengthened, the plants receiving phosphate throughout being amongst 
those with 'the lowest dry weight. Barley, under Rothamsted conditions of 
growth, did not show a sharp fall to correspond with this, though the plants 
transferred after eight weeks with phosphate (corresponding in stage of 
development to the wheat at four weeks’ old) were somewhat heavier than 
those transferred later. The difference, however, is relatively small when 
the error of experiment is taken into account. In the following table the 
two plants arc compared, the first transfer being made at corresponding 
stages of development. 
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Wheat. 

barley. 

Wheat. 

barley. 

With 1 

\ for 

(Gericke.) 

(Brenchley.) 

Weeks. 

Weeks. 

grm. 

grm. 

4 

8 

5V2 

3T 2 

6 

10 

417 

31*8 

8 

12 

407 

32-6 

10 

14 

3 i *4 

32*3 

Throughout 

Throughout 

32-0 

35 -o 


The more closely the work of various investigators is studied, the 
stronger grows the impression that the requirement of cereals for phosphate 
at different growth periods is by no means fixed or definite, but is influenced 
by various factors, such as environmental conditions (season, spacing of 
plants, time of sowing, &c.), inter-action of other nutrients, and the degree 
of completeness of phosphate starvation induced at different periods of 
growth. Nevertheless, whatever the condition, the indications are that the 
most critical period for phosphate nutrition is during the early stages of 
growth, and that later provision of phosphate tends to affect the composi- 
tion of the crop without having a corresponding effect upon yield. 

Summary. 

3. Experiments have been made in water cultures to test the effect of 
depriving barley plants of phosphorus after varying initial periods during 
which it had been supplied, and, contrariwise, of supplying phosphorus after 
initial periods of deprivation. 

2 . The provision of phosphate for the first six weeks or longer permitted 
normal growth to be made, as was shown by the number of tillers, ears, and 
grains produced, the average number of grains per ear, and the dry weights. 
With shorter initial periods of phosphate supply growth was seriously 
depressed in all these respects. 

3. If phosphate was withheld for the first four weeks, tiller production 
was not affected, but no ears were produced. With longer periods of initial 
deprivation growth was steadily depressed in all respects, and the type of 
growth gradually changed from a bushy succulent character to a thin, lanky, 
untillered plant bearing the travesty of an ear. 

4. The amount of phosphate absorbed by the plant increased steadily 
in more or less direct proportion to the length of time phosphate was given 
at the beginning of growth, but sufficient was taken up in the first six weeks 
to enable the plant to make its maximum dry weight. The percentage 
of phosphate in dry matter rapidly increased from this time onwards. 

5. The absence of phosphate supply up to the first six weeks of growth 
caused a extremely rapid drop in the amount of phosphate ultimately taken 
up by the plant, after which a more gradual decrease occurred with 
lengthening periods of phosphate deprivation. 

6. The significance of the above results is discussed in relation to the 
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work of other investigators, and the probable importance of the presence or 
absence of phosphorus at the time tillering begins is indicated by reference 
to further experiments in which phosphate was supplied and withheld for 
alternate fortnights during growth. 

My sincere thanks are due to Miss Katherine Warington, M.Sc., Miss 
Lizzie Kingham (both of Rothamsted), and Miss F. L. Stephens, B.Sc. (of 
Manchester) for assistance in the tedious work of marking and counting 
tillers; to Miss Signe Heinze, of Stockholm, for aid in translation; and to 
the Chemical Department of Rothamsted for the series of phosphate deter- 
minations, without which the paper would have lost much of its point. 



Data of Barley Plants grown with or without Phosphate for the first part of their Life history . 

(Averages of five replicates.) 
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EXPLANATION OF PLATE III. 

Illustrating Dr. W. E. Brenchlcy 's paper on Phosphate Requirements of Barley. 

Fig. 1. Barley plants which received phosphate at first, but were deprived of it after varying 
periods of growth. 

Upper line of figures + P indicates initial time with P. 

Lower ,, ,, ,, —P „ later time without P. 

Fig. 2. Barley plants grown without phosphate at first, but which were supplied with it after 

varying periods of growth. 

Upper line of figures —P indicates initial time without P. 

Lower ,, „ ,, 4 -P „ later time with P, 

Pig. 3. Barley giown with and without phosphate for alternate fortnights throughout growth. 

Left-hand pair — without /'for first fortnight. 

Right-hand ,, with P lor first foitnight. 
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THE EFFECT OF FRESH STRAW ON THE 
GROWTH OF CERTAIN LEGUMES. 

By H. G. THORNTON. 

(Bacteriology Department , Rothamsted Experimental 
Station , Harpenden.) 

(With Two Text-figures.) 

In field trials made at Rothamsted during 1917-1918(1) to test the 
comparative value of farmyard manure and of artificials as fertilisers for 
clover, the former gave remarkably better results. Its effect not only 
surpassed that produced by any mixture of artificials tested, in the year 
of application, but was evident even when applied three years before the 
clover was sown. In comparing the action of farmyard manure and of 
artificials, the effect of the former on the physical condition of such a 
heavy soil as that at Rothamsted must always be considered. In these 
trials, however, the superiority of farmyard manure was so much more 
marked with clover than with cereal and root crops on the same soil, 
that some further explanation seems to be required. Since clover is a 
legume, manures may have both a direct action on the plant, and may also 
affect its growth indirectly, by influencing the formation or activity of 
the nodules upon its roots. The purpose of the work here described was 
to determine whether farmyard manure stimulated nodule development 
on legumes and, if so, to what constituent of the manure this stimulation 
was due. 

In order to separate the direct effect on the plant from any indirect 
influence through the nodules, farmyard manure and its constituents 
were first tested both on nodule free and on inoculated plants. Pre- 
liminary trials showed that, owing to the widespread occurrence of 
nodule organisms in soil, none of the common British legume crop plants 
could be grown without nodules, unless an unnatural medium such as 
sterilised soil or sand were employed. It was found, however, that the 
soy bean ( Glycine hispida) does not produce nodules in Rothamsted soil 
unless infected with a culture of the appropriate variety of the nodule 
bacteria. This plant was therefore used in the first two experiments here 
described. 

In the first experiment, pots of soil and sand mixture were prepared 
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and manured as shown in Table I 1 . There were ten pots of each treat- 
ment, five sown with seed sterilised by the method of Hutchinson and 
Miller (2) and five with sterilised seed inoculated with a suspension of the 
soy bean nodule organism. Three seedlings were allowed to grow in each 
pot and, after 13 weeks’ growth in a glasshouse, the dry weights of tops 
and roots were obtained and the nodules counted, the soil being washed 
from the roots with a fine stream of water from a hose. The results of the 
experiments are shown in Table I. 


Table I. Pot experiment with soy beans . 


Series 

Manuring per pot 

Dry weight 
tops in gm. 
Means of 5 
pots and 
standard 
errors 

Dry 

weight 

roots 

(gm.) 

Total 

nodules 

and 

standard 

errors 

Nodules 
per gm. 
of root 

1 

Not inoculated : 

1 lb. farmyard manure 

40 10-92 

1*67 



2 

h lb. farmyard manure 

5*4 4: 0-81 

2*02 

— 

— 

3 

Extract from l lb. farm- 

81 ±0-60 

2*87 

— 

— 

4 

yard manure 

No manure 

2 *5 4,0*17 

1*95 



5 

J lb. fresh chaff 

1*5 4: 0*1 2 

1*98 

— 

— 

0 

| lb. rotted st raw 

3 0 4,0*17 

1*27 

— 

— 

7 

Inoculated : 

1 lb. farmyard manure 

70 1.0*63 

1*51 

146-2 4-4*2 

96*8 

S 

.] lb. farmyard manure 

6*24 1 061 

1*75 

153-2 4 3 3 

87*5 

9 

Extract from 4 lb. farm- 

8*56 4.0*84 

2*18 

94*0 ±2*5 

43*2 

10 

yard manure 

No manure 

2*3 ±0*24 

1*41 

63-2-130 

44*8 

11 

l lb. fresh chaff 

2*0 ±0*18 

Ml 

105*0 4-4*0 

94*6 

12 

\ lb. rotted straw 

2-9 4.0*41 

1*28 

65*0 4:3*2 

50*8 


The manure and its extract have produced a considerable increase in 
the growth of the tops. This is mainly due to a direct action on the plant 
since it occurs in the absence of nodules. In the uninoculated series fresh 
straw has reduced the growth of the top as compared with the unmanured 
set and the farmyard manure which contained a lot of unrotted straw has 
produced less increase than the manure extract. The presence of nodules 
has not produced any significant increase in yield save in these same 
three sets (7, 8 and 1 1) that contained fresh straw. The yield of sets 7 and 8 
containing farmyard manure are not significantly lower than that of 
set 9 containing manure extract, while there is no significant difference 

1 Each pot contained 23 lb. of a mixture of two parts soil and one part sand. The 
manure extract was prepared by soaking manure in water at the rate of 3 litres to 8 oz. 
Each plant was given the extract from 8 oz. manure during its growth period. The manure 
contained 0*92 per cent, nitrogen while the extract contained (M3 per cent, nitrogen. 
Series 0 and 12 were given straw rotted by the “Adco” process. 
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in yield between the set containing chaff (11) and the unmanured 1 . The 
inoculation has thus prevented the straw from lowering the yield. This 
suggests that its depressing action in the uninoculated set was the result 
of nitrogen starvation due to the well-known effect of straw in rendering 
nitrates unavailable by encouraging their assimilation by micro- 
organisms. Where the nodule organism rendered the plant independent 
of external nitrogen compounds, this harmful action did not occur. In 
the inoculated sets, the manurial treatment has greatly affected the 
number of nodules produced. When allowance is made for unequal root 
development by taking the nodule numbers per gram of root, the in- 
fection has been increased only by chaff and by the manure containing 
straw. In the case of sets 7, 8 and 9, however, greater root development 
induced by manure and its extract caused the appearance of more 
nodules owing to the greater surface exposed to infection. The following 
experiment was made to see whether the increased nodule formation 
induced by unrotted straw could not be similarly enhanced by the 

Table II. Pot experiment with soy beans . 

Dry weights 

Dry weights of roots Nitrogen in tops 
of top and and , — A ^ Nodule nos. 


Set 

Manuring per 

standard 

errors 

standard 

errors 


Total 

content 

and 

standard 

Nodules 
per gm. 


pot 

(gm*) 

(gm.) 

O/ 

/o 

(gm.) 

errors 

root 

1 

Not inoculated: 
No manure 

21*2+2*5 


i*r>G 

0-33 



2 

4 oz. chaff 

191 ±1-4 

— 

1*99 

0*38 

— 

— 

3 

3*3 gm. 

28*8 ±2-2 

— 

1*42 

0*41 

— 

— 

4 

k 2 hpo 4 

3-3 gm. 

24*6 ±2*2 

__ 

1*37 

0*34 





5 

k 2 hpo 4 + 

4 oz. chaff 

Inoculated : 

No manure 

23*1+2*6 

3*1 ±0-3 

3*16 

0*73 

121*8 + 14*0 

39*3 

6 

4 oz. chaff 

26-7+2-5 

4*5 i o r, 

3*61 

0*96 

179*8+ 9*9 

39*9 

7 

3-3 gm. 

31-8+3-5 

6-4 ±0*2 

2*41 

0*77 

106*4+ 4*8 

16*6 

8 

k 2 hpo 4 

3*3 gm. 

33*0 + 1*7 

6*9+0*13 

2*96 

0*98 

316-8+41*7 

45*9 


K a HP0 4 + 
4 oz. chaff 


addition of soluble potassium phosphate to replace the potash and phos- 
phate supplied in the manure. Soy beans were grown in pots, containing 
soil and sand mixture, which were given the manuring shown in Table II. 
The salts in sets 3, 4, 7 and 8 were applied as solutions during the growth 

1 In testing the significance of these differences, the t test was used (see Fisher (3)). 
In comparing the mean yield of tops in sets 8 and 9, <=2-2, giving a value of P between 
0-1 and 0-05. In a similar comparison between sets 10 and 11, t = 1*05, the value of P lying 
between 0-4 and 0*3. 
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of the plants. Ten pots of each treatment were prepared, five sown with 
inoculated and five with sterilised seed. After 12 weeks’ growth in a glass- 
house, the nodules were counted, dry weights taken and nitrogen estima- 
tions made of the tops. The results are shown in Table II. 

The root development has been increased in the pots given potassium 
phosphate and in set 8 the further addition of chaff caused a large in- 
crease in nodule numbers. The presence of nodules has increased the 
nitrogen content in all inoculated sets but has caused a significant in- 
crease in the top growth only in sets 6 and 8 where chaff was present 1 . 
The chaff has enabled the plant to make some use of the nitrogen fixed 
by the bacteria, to increase its growth. The action of chaff in increasing 
nodules can be explained as being due to its contained carbohydrate 
material enabling the bacteria to multiply in the soil. It seems probable 
that the pentosans and starches in the straw, being readily attacked by 
bacteria, are the principal sources of energy. This view is consistent with 
the finding in Experiment 1 that rotted straw did not appreciably increase 
the nodule numbers. Fresh straw should therefore produce greater effect 
in stimulating nodule formation than straw that has been mixed in the 
soil some time and has lost its more easily decomposed constituents before 
the bacteria are added. The following experiment was made to test this 


Sot 


1 

2 

3 

4 


5 

0 

7 

8 


Table III. Pot experiment with Vicia faba L. 

Dry weight of tops 

and standard Nodule numbers 

errors and standard 

Manurial treatment per pot (gm.) errors 

Series A. Straw and phosphate added at time of sowing: 

Unmanurcd 19-6 ± 1 • 1 2 234-8 ± 19-6 

3 gm. CaH 4 (P0 4 ) 2 + 2H 2 0 25-3 ±1 02 302-0 ±36-6 

8 oz. chaff 22-4 ±2-05 630-5 ±45-4 

3 gm. Cafi 4 (P0 4 ) 2 + 2H 8 0 33-7 ±1-28 860-2 ±47-1 

+ 8 oz. chaff 


Series B. Straw and phosphate added one month before sowing: 


Unmanured 17-9 ±0-96 

3 gm. CaH 4 ( P0 4 ) 2 + 2H 2 0 18-0 ±1-62 

8 oz. chaff 17-3 ±1-97 

3 gm. CaH 4 (P0 4 ) 2 + 2H z O 24-5 ±2-83 

+ 8 oz. chaff 


254-5 ±16-0 
267-8 ±20-8 
494-5 ±54-9 
725-0 ±22-9 


point and to confirm the results of Experiment 2 with a different plant. 
Pots containing 22 lb. of soil-sand mixture were given the manurial 
treatments shown in Table III. Two series, each having five parallel pots 
of each treatment, were run ; in one series the manurial dressings were 

1 In comparing the mean yields of top in sets 3 and 7, 1 = 0-73, giving a value of P 
lying between 0-5 and 0-4, whereas between sets 2 and 6, £ = 2-9, P — 0*02, and between 
sets 4 and 8, 1-2-97, P — 0-02. 
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added at the time of sowing and inoculation, while, in the other, they were 
added one month before this, the soil being kept moist. Three broad 
beans (Vicia faba L.) were grown in each pot and inoculated at the time 
of sowing with a thick suspension of the Vicia nodule organism. The 
results, after three months’ growth in a glasshouse, are shown in Table III. 

The chaff produced a large increase in nodules, the numbers of which, 
as in the last experiment, were greater where phosphate is also present. 
The straw had more influence on nodule numbers when applied fresh at 
the time of sowing and inoculation than when applied one month before. 
The freshly applied chaff and phosphate greatly increased the yield when 
combined, the phosphate alone produced a smaller, but significant 
increase and the chaff alone an increase whose significance is doubtful. 
When added one month before sowing and inoculation, the chaff and phos- 
phate significantly increased the yield only where both were present, and 
then to a smaller extent than when added fresh at the time of sowing 1 . 
This experiment thus indicates that the more quickly decomposed 
fractions of the straw arc effective in increasing nodule numbers and 
yield. 


Table IV. Plot experiment on Little IIoos Field , Rothamsted. 


Treatment in 
quantities 
Plot per acre 

1 No manure 
6 

11 

16 

2 5 tons chaff 

7 

12 

3 400 lb. superphosphate 

8 

13 

4 5 tons chaff + 400 1 b. 

9 superphosphate 

14 

5 400 lb. superphosphate -f 

10 200 lb. sulphate of 

15 potash 


Yield off 1/100 acre plots in lb. 

A N 

1923. Beans, pods 1924. Wheat, grain 
and straw and straw 



Means 


Means 

28 


21 


29-5 

28-75 

24-5 

24-88 

30 


23-5 


27-5 


30-5 


33-5 


30-5 


29 

33-33 

24 

29-17 

37-5 


33 


27 


20 


29 

27-83 

28 

24-83 

27*5 


26-5 


39 


33-5 


31-5 

34-66 

23 

30-33 

33-5 


34-5 


36 


23 


41-5 

36-5 

36 

29-33 

32 


29 



The pot experiments described above indicate that the harmful effects 
of incorporating fresh straw into the soil do not show on a succeeding 

1 In comparing the means of sets 1 and 2/ * = 3-75, giving P a value of 0 01. In com- 
paring sets 1 and 3, f = 1-44, the value of P lying between 0*2 and 01. For sets 5 and 8, 
$ = 2*54, P having a value between 0-05 and 0-02. 
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crop of beans or soy beans that is supplied with necessary nodule 
organisms. It seems possible that this principle might be made use of 
under field conditions to enable fresh straw to be ploughed in without 
harmful results. In order to test the action of straw manuring under field 
conditions, the following experiment was made on Little Hoos Field. 
The treatments shown in Table IV were tested in 1/100 acre plots. Three 
plots of each treatment and four unmanured plots were laid down in a 
randomised arrangement. Beans were sown in April 1923 and reaped in 
September, and the following season wheat was grown on the same 
ground. The yield of the two crops is shown in Table IV. The super- 
phosphate alone has not increased the crop, chaff has appreciably in- 
creased both the bean crop and the succeeding wheat crop. This effect 
can also be produced by means of superphosphate -f* sulphate of potash. 

Discussion. 

The ploughing in of unrotted straw produces physical and chemical 
changes in the soil and also influences the micro-organic population. It 
has a marked effect in lightening a heavy soil and improving its aeration. 
There is some evidence that fresh straw contains or produces substances 
that may be directly toxic to plants but that this factor is of no im- 
portance in clay soil ( 4 ). The most important chemical changes produced 
by fresh straw result from the fact that it supplies readily available 
carbon compounds which are utilised by the soil micro-organisms, so 
that these multiply rapidly and assimilate the soil nitrates in competition 
with the crop plants. These effects have been studied by numerous 
workers (see Murray ( 5 ) and Martin ( 6 )). That a similar loss of nitrates 
takes place under the conditions of pot culture obtaining in the experi- 
ments described is shown by the following observations. Two sets of 
duplicate pots similar to those used in Experiment 1 were filled, the first 
set with soil-sand mixture only, the second with this mixture plus 8 oz. 
of chaff. The pots were kept in a greenhouse and maintained at a water 
content of 14 per cent, and, after one, two and three months, the nitrate, 
water soluble P 2 0 6 and water soluble K 2 0 were determined. The results 
are shown in Fig. 1. The straw caused a considerable loss of nitrates, 
while the soluble potash was increased, in the first three months after 
its incorporation with the soil. 

Where the succeeding crop is a legume, supplied with its nitrogen- 
fixing bacteria, it was reasonable to suppose that no loss of yield would 
result from the depletion of the soil nitrates produced by the straw. The 
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experiments described above show that in the case of inoculated soy 
beans and broad beans there was in fact no loss of yield from this cause, 
and that with the latter, where additional phosphate was also supplied, 



Fig. 1. Effect of ohaff on the nitrate and on the water soluble potash 
and phosphate in pot soil. 

there was an actual increase in yield due to the straw. This increase was 
associated with the development of a considerably greater number of 
nodules in the presence of the straw. 

The increase in nodule numbers by the straw would seem to be ex- 
plained by the fact that the straw can be utilised as a source of food 
supply by the nodule organism in the soil. (See Appendix.) 




570 Effect of Fresh Straw on Growth of Certain Legumes 

The initially harmful effect of ploughing in fresh straw has deterred 
its use, although the benefits eventually resulting from the increase in 
soil organic matter are recognised. By the use of a bean crop, following 
its application, this harmful action may perhaps be avoided and the 
crop actually benefited by the straw. It seems possible that further 
experiments along this line on different soils and with various legumes 
may enable the humus content of heavy soils to be raised by straw 
manuring without temporary loss in crop. 


APPENDIX. 

THE INFLUENCE OF FRESH CHAFF AND OF CALCIUM PHOSPHATE 
ON THE MULTIPLICATION OF THE NODULE ORGANISM IN SOIL. 

By P. H. H. GRAY. 

In order to test the effect of chaff and of phosphate upon the multipli- 
cation of the nodule organism in soil, the following experiment was 
carried out. 

One hundred grams of moist sieved soil from the unmanurcd plot on 
Hoos Field were placed in each of four Erlenmeyer flasks and the following 
substances were added. 

Flask A : 2 gm. of chopped oat straw. 

Flask B : 0-025 gm. of CaH 4 (P0 4 ) 2 + 2H 2 0. 

Flask C : 2 gm. of chopped oat straw + 0-025 gm. CaH 4 (P0 4 ) 2 + 2H 2 0. 

Flask D : No addition. 

The flasks were plugged with cotton wool, sterilised in the autoclave 
at 15 lb. pressure for half an hour and inoculated with a pure culture of the 
lucerne nodule organism, six days old, by adding to each flask four drops 
from a suspension of the culture in physiological salt solution. Bacterial 
numbers were estimated at intervals by making plate counts of the soil 
on an agar medium containing mineral salts, sucrose and extract of 
lucerne roots. The growth of the organisms is shown in Fig. 2, where each 
point represents the mean count from four parallel plates. 

The chaff has greatly increased the bacterial numbers whether added 
alone or with phosphate. The phosphate has stimulated multiplication at 
the commencement, especially where added together with chaff. 
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Fig. 2. Growth of the lucerne nodule organism in sterilised soil with and 
without chaff and CaH 4 (P0 4 ) 2 + 2H 2 0. 


Summary and Abstract. 

1. In pot experiments with Glycine hispida and Vida faba L., fresh 
chaff incorporated with the soil caused a significant increase in the 
number of nodules produced on inoculated plants, this increase being 
augmented by the further addition of phosphates. 

2. Fresh chaff, added at the time of sowing and inoculation, had 
more effect than chaff which was allowed to decompose in the soil for a 
month. 
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3. Fresh chaff increases the multiplication of the nodule organism in 
sterilised soil. 

4. In soy beans without nodules, the chaff depressed the growth of 
the tops, but this depression did not occur either with soy or broad beans 
where nodules were present. 

5. In a field experiment made at Rothamsted, chaff, freshly ploughed 
in, increased the growth of broad beans and also of wheat sown the next 
season on the same ground. 
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THE “INOCULATION” OF LUCERNE (MEDIC AGO 
SATIVA, L.) IN GREAT BRITAIN. 

By H. G. THORNTON. 

(Department of Bacteriology , Rothamsted Experimental Station , 
Harpenden , Herts.) 

(With Four Text-figures.) 

1. Introduction. 

The discovery in 1884-1886 that the fixation of nitrogen by leguminous 
crops was due to the infection of their roots by certain bacteria, quickly 
led to attempts to supply the crop with the necessary organisms. The 
earlier trials were made at Bremen Experimental Station in 1887 and two 
years later by Atwater and Woods in Connecticut (l). They consisted in 
treating the ground sown with a particular legume crop by spreading 
old soil from a field on which the same crop had been grown. This method 
has since become a recognised practice in many places with certain 
legume crops. Considerable quantities of soil, say from 300 to 500 pounds 
per acre, are needed to ensure successful infection (2), so that the. expense 
of transportation becomes prohibitive where a crop is being introduced 
into a new district. Moreover there is some danger of introducing plant 
diseases with the soil. These considerations led to the idea of treating 
the seed with pure cultures of the nodule bacteria, a process that has 
come to be known as “inoculation.” The earliest experiments with pure 
cultures were made in Germany by Nobbe in 1896(3) and in Alabama, 
U.S.A., by Duggar (4) in 1898. Although the experiments were at first 
hopeful, very variable results were obtained by later workers. An attempt 
was made to introduce legume “inoculation ” into farming practice before 
the life-history of the organism and its relation to the host plant had 
been investigated, and while the methods for the preparation and appli- 
cation of pure cultures to the seed were still very inadequate. 

It is now known that the nodule bacteria can be divided into a 
number of physiological groups each of which can normally infect only 
a small group of legume species (5). The nodule organisms will survive 
for a great many years in suitable soil (6), and consequently a legume 
crop that is either indigenous or has been frequently grown in a district 
will usually find the soil already infected with its own variety of the 
organism. On the other hand a recently introduced legume crop will 
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probably find its own specific variety of the bacteria absent from the 
soil, whilst other varieties cannot normally produce nodules upon it. 
It is therefore in the case of legume crops introduced into new districts 
that inoculation is mainly required, and it is with such crops that most 
successful results have been obtained. 

By far the most important of such crops is Lucerne (Medicago sntiva ), 
the cultivation of which has spread over large areas in all parts of the 
world during the last hundred years. Indigenous to Western Asia, 
lucerne was introduced into Southern Europe in classical times and its 
cultivation gradually spread northwards, reaching England in the middle 
of the seventeenth century. The seed was on sale in London in 1651(7). 
Since then the cultivation of the crop has been mainly confined to the 
south-eastern quarter of England. The soil in this region has by this 
time become infected with the lucerne variety of the nodule organism. 
Commercial samples of lucerne seed are frequently contaminated with 
the organism. Thus it has been found at Bothamsted that when a sample 
of lucerne seed is sown in sterilised sand, the resulting seedlings develop 
a small number of nodules although under similar circumstances no 
nodules appear if the outer surface of the seeds is sterilised with mercury 
chloride. It is thus probable that the establishment of the lucerne 
organism in the soil of the south-eastern counties has been gradually 
brought about by its chance introduction in samples of the seed. 

In the remaining districts of Great Britain, where lucerne is only very 
occasionally grown, it frequently fails and in many such cases no nodules 
are developed. There seemed a possibility, therefore, that a dominant 
cause of failure in these districts was the absence of the lucerne nodule 
organism from the soil, the number of bacteria introduced by chance 
with the seed being insufficient to produce any result in a single sowing. 
If this were so it seemed that the area of successful lucerne cultivation 
might be extended by introducing the organisms with the seed. 

Various attempts to improve lucerne growth by inoculation had 
been made in past years. Those at Rothamsted, where the soil already 
contains the lucerne organism, did not give beneficial results. A success, 
however, was obtained by Wright (s) at the West of Scotland Agricultural 
College in an experiment commenced in 1905 and carried on for five years. 

Of recent years our increasing knowledge of the nodule organism has 
led to considerable improvements in the technique of inoculation. It is 
now known (9) that the nodule bacteria infecting lucerne are divisible 
into distinct groups which differ ih their nitrogen fixing efficiency and 
can also be distinguished by serological tests and by their growth on 

Joura. Agric. Soi. xix ^ 
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media. It is therefore important that an efficient variety be used. 
The strain employed in the field trials described below belongs to 
the more efficient of these groups and was obtained from the Danish 
State Laboratory, Lyngby, Copenhagen. The strain was compared by 
Cunningham (10) with one obtained from the United States Department 
of Agriculture. In a pot experiment, lucerne inoculated with it showed 
an increase in air dried crop of 81*5 per cent, over the uninoculated, while 
the American strain produced an increase of 16*3 per cent., both after 
3 months’ growth. In the earlier work on inoculation a frequent cause 
of failure was the death or loss of virulence of bacteria in the laboratory. 
This can now be overcome by storing cultures of the organisms in 
sterilised soil, a method suggested by Simon (U). For the preparation 
of the cultures for issue to the farmers, on the other hand, a medium is 
needed upon which rapid, vigorous growth will be induced so that fresh 
cultures can be produced at as short notice as possible. P. H. H. Gray 
at Rothamsted has produced an agar medium containing an extract of 
lucerne roots upon which abundant growth can be obtained after four 
days’ incubation. Finally, recent knowledge of the life-cycle of the nodule 
organisms in the soil has resulted in the development of a method 
for applying them to the seed, that results in the production of 
motile forms in the soil, thus increasing the chances of root infection. 
This method, developed by Thornton and Gangulee(i2), has been used 
throughout the field trials described below. 

The better chances of success with inoculation due to increased know- 
ledge and to improvements in technique, therefore, made it worth while 
to give the process a critical test in this country. For this purpose the 
lucerne crop was particularly suitable, since it was possible to test 
inoculation in the soils of the south-eastern counties where the lucerne 
organism was already established, and in other districts where the 
organism was thought to be generally absent from the soil. Since it was 
in the latter districts that beneficial results from inoculation were to be 
expected, the problem was essentially bound up with the geographical 
distribution of the lucerne organism in British soils. The information 
obtainable from isolated experiments could not therefore be applied to 
other areas, since it was probable that inoculation would be beneficial 
in some districts and not in others. It was necessary therefore to make 
trials in a large number of localities in order to see in what districts 
inoculation would be effective. There was also the hope that new areas 
might be found where, by means of inoculation, the successful growth 
of this valuable forage crop might be possible. Through the generosity 
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of the Royal Agricultural Society in providing grants of money an ex- 
tensive series of experiments in localities covering the greater part of 
Great Britain have been organised during the past five years. These 
experiments have been carried out at Agricultural Colleges, Farm 
Institutes and especially by private landowners, often under the super- 
vision of the local agricultural officer. Careful experiments from so many 
widely scattered localities were rendered possible only by the keen and 
generous cooperation of these many experimenters, who have spared 
neither the trouble nor the expense involved and to whom the successful 
results are largely due. 

2. Plan of the Experiments. 

In order to make the results from different localities comparable the 
experiments were carried out as far as possible on the following general 
plan. Eleven plots usually of l/5th acre were laid down, six being sown 
with untreated and five, arranged alternatively with them, with inocu- 
lated seed. The plots in the earlier trials were separated by 2-3 foot 
paths, but these were later omitted on account of the difficulty in keeping 
them weeded. The sowing and subsequent operations on the plots were 
performed on the untreated plots first, in order to lessen their accidental 
infection with inoculated soil. The time of sowing was necessarily deter- 
mined by local circumstances. In 1926 a number of experiments were 
laid down with the object of comparing the spring and summer sown 
lucerne, as well as the effect of inoculation. These trials which are 
described below consist of 12 plots, half of which were sown with inocu- 
lated and half with untreated seed. In addition to the above experi- 
ments, several smaller trials have been made in various places. 

The cultures used for inoculation were grown in test tubes on slopes 
of the lucerne root-extract agar medium previously mentioned. The 
cultures were incubated at 25° C. for 4 to 7 days before issue to the 
experimenter and were used within 6 weeks of their preparation. In 
treating the seed the method of Thornton and Gangulee(i2) was employed. 
The bacteria were applied at the rate of 1 culture to 7 lb. of seed. 
Experiments now in progress suggest that this quantity of seed can be 
greatly increased with little loss of effect. The cultures were suspended 
in a quantity of skim milk that would wet the whole mass of seed. It 
was found that \ pint to 7 lb. of seed would just do this. Before adding 
the culture, calcium di-acid phosphate, CaH 4 (P0 4 ) 2 -f 2H 2 0, was dis- 
solved in the milk to make a 0*1 per cent, solution, the correct amount 
of this salt being sent out with the cultures. The milk containing the 

4-2 



Table I. List of experiments to test lucerne inoculation. 
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cultures in suspension was poured on to the seed and thoroughly mixed 
with it, until every seed was wetted. The seed was then spread out in 
the shade and allowed to dry. It was found to be very important that 
the seed should be completely dried, otherwise difficulty was experienced 
owing to the seed clogging the drill. The use of skim instead of whole 
milk greatly shortens the time of drying. 

Since little was known as to the suitability of many districts for 
growing inoculated lucerne it was inevitable that at a number of centres 
the crop should fail. The causes of crop failure are discussed below, but 
in discussing the effects of inoculation only those trials are considered 
which are still running or which were continued for long enough for the 
effect of the inoculation to be determined. A list of these centres is 
given in Table I. 

3. Effect of Treatment in Different Parts of Great Britain. 

The map, Fig. 1, shows the distribution of the trials that are here 
discussed, indicating in which of them an improved growth as a result 
of inoculation has been observed. 

A summary of the yield and analysis results so far obtained from the 
trials is shown in Tables II, III and IV. Wherever possible the whole 
crop from each plot was separately weighed, but in some cases, as shown 
in the table, a cutting from an equal area on each plot was taken. The 
figures give mean weights and analyses from the parallel plots. 

There is no evidence that the response to inoculation is related in 
any way to soil or to climatic conditions. As was expected, however, 
the effects produced by inoculation do vary in different districts. It is 
thus convenient to divide the country into areas and to consider the 
experiments in each area separately. 

A. The south-western area. This includes Wales and the counties of 
Shropshire, Hereford, Gloucester, Somerset, Dorset, Devon, and Cornwall. 
A marked benefit from inoculation has been observed in almost all 
experiments in this area (Table II). The effect has usually shown itself 
quite early in the life of the seedling plant and has persisted throughout 
the trial save where there has been evidence that the untreated plots 
have become infected. In Wales, Mr Harrison obtained a 58-4 per cent, 
increase in crop from inoculation, while, in a trial made by Prof. Stapledon 
at the Welsh Plant Breeding Station, Aberystwyth, the inoculated plots 
bore a stronger and deeper coloured growth during the first year. In 
this latter trial, however, the untreated plots became infected before 
weighings were taken. The experiments in Glamorgan and the small 



§ o' 

2 S 
•a -a . 

-S 2 


CO 

o 


3 T 3 
o p 


co 

o 


co , r- 

CO | I; 


<M 


G JE% O <m 01 


Si 


• 1-1 -Hr-, O — < — I 


. r- CD , 05 CO CO 05 >0 , 

Of- O iO OO i< i o 

<M rll Mm CD — H r—t 1 


4S « c 


Ph 


'TJ 

■ J: o> 

2. a? *9 

H 4 ) 5-1 


3T3 t, 

g£ E? 

Jg C l 


05 CO 
CO CO 


co co cm co m 


^ — H 05 co »o 

co ^ cb co 


p p 


S3 

© 

r >2 


<p 

r-«3 

=o 

"S 


li, *>8 3 , 2 £ r>^— h— nr^05t- o 050 *00000 *o r— com 
J p m 2 9 $ n cb 6 6 h* ci cb *b »b co cm C 5 r- cm o *6 

ooocooo^iow ic i pi co — < — , 

rl H 0-1 1 r— i 


a .£ © r 


•S 03 -- 
2 & 


»o 

>o a io 'f o 9 o o o cm 05 co ooioco cm -h 

“■>9 -+ 1 •rh cm bb o j cb • - — h o ib — ■< 05 t— cm -d ^ cm 

p — iihwcooc: -• wo co-fw co *o t- — « 


§ ”g i- oi co r r r- >o> 05 p o 

o ^ PJOOJMM® o CO CM 

G M'+Ot^Ci'f <M 0*0 


CM *0 Ol GO r- CM 


O >i 


f-i '-r? 

Jg ® 

■5 -d a S 
p .bp g ^ 

1-3 p d CO 

£ff t* 6b“ 


bb 

ilti 1 1 &*ii 


e a ® 


W c% £> O co c» OOO 


p p 
p p 

5o 


S 4 


33 

P 

.£ 

£ 


X *p 
« £ 

2 

2 


m *0 

9 oo » ca- co m 

^ CO CO GO CO I — 


J^sr 


O » M M — H i— H M M r 


»o »o 

O CO- 
CO CO 


hm 00^03 


33 

C5 « 


O CC h* I- 00 00 t" CO h> 10 CO h» »© co r— co r— 

Ml 01 Cl (N Cl (M CN Ol Cl (M (M Cl Cl Cl Cl Cl CM Ol 

m 05 05 05 05 05 05 05 05 05 050505 050505 0505 

.a — < M H i-M <— , i— I >— 1 M M I— < i-H l— I M f— I — H f-M i— H 

'g flic-Sfl W) § ^ 'Sr M> C >4 ^ 

> o 30303 a a o ""a 03 © © a © 33 

►■a 02 | “o a? >-3 <3 ^o h o ) -d zg^ozg zg <q ^ ►o | -t> 


c3 

H 



co *0 

CM CM 
05 05 


I W S3 
P>1 
W H o 

"S 3 

u 


3 

P 


£ 

o 

P 


p >2 Ji 1=3 


-o 

H 


w 


<i P5 


2 i 

W o 

d 


o 


o 


-ds a 

p 3 

sjy 

30 

2 a 
& o 


Clarke and Sons. 1926 Oct. 1926 6 30 Oreen 37-5 33-8 10-9 2-57 2’62 0-96 0 88 

Somerset July 1927 12 484 Green 81-75 66-8 22-4 4-13 4-12 3-38 2-75 

C. Harrison, 1926 July 1927 12 121 Green 87-1 55 0 58-4 2-55 2-66 2-22 1-46 

Montgomery Oet. 1927 12 121 Green 43-9 33 3 31-8 2-85 2-9 1-25 0-97 
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trial made by Mr Matthias in Pembrokeshire all showed a visible 
difference from treatment. A very marked effect was also observed in 
Mr Braburn’s trial in Shropshire and in Mr Ballard’s in Herefordshire. 



Fig. l. 


The most striking results, however, have been obtained from Glou- 
cester, increases of 236-1 per cent, and 179-4 per cent, in the yield having 
been recorded from Colonel Brassey’s and Mr Sheaf’s experiments. 
Examination of the roots of the untreated plants on Colonel Brassey’s 
land showed an almost complete absence of nodules. Thus 150 untreated 



Table III. Yields and nitrogen contents of the crops. Northern 
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lucerne plants examined bore only 22 nodules, whereas 100 inoculated 
plants from adjacent plots bore 341 nodules. It is thus probable that 
the lucerne organism is absent from this soil, accidental transfer of 
bacteria in the seed sample being sufficient to account for the small 
number of nodules on the control plants. 

In Somerset, Messrs Clarke and Sons’ experiment showed an increase 
of 22*4 per cent, in 1927. In Devon, Lord Clinton's trial showed an 
increase of 55*9 percent, in 1926, and in Cornwall, Mr Johnstone’s trial 
showed an increase of 46*8 per cent, in the same year. At Seale Hayne 
Agricultural College, the inoculation produced a visible improvement, 
but the crop failed owing to the shallowness of the soil. In Dorset, 
Mr A. T. Cake obtained an increase of 23-0 per cent, from inoculation. 

B. Northern area. In the northern half of England and in Scotland, 
the experiments have invariably shown a benefit from inoculation as in 
the south-western area (Table III). In Lincolnshire, Messrs Pennell and 
Sons obtained an increase of 20*7 per cent, in yield from the treatment, 
and much of the untreated lucerne died and was replaced by rye grass, 
while Mr Abel Smith’s plots showed a visible effect. In Mr Strickland’s 
experiment at Catterick the treatment increased the yield by 61 per cent., 
and in the experiment at Houghall Farm, Durham, by 98 per cent. At 
the two centres in Cumberland the inoculated plots were visibly stronger 
from the first, indeed, in Mr Roberts’ experiment, only the inoculated 
lucerne grew. In Scotland, Mr Low’s trial near Montrose showed an 
increase of 40*9 per cent, in 1925. A number of trials organised by 
Cunningham (io) near Edinburgh and Wright’s trial (8) at the West of 
Scotland Agricultural College in 1908, showed that in other parts of 
Scotland, also, inoculation produces a striking effect. 

C. The central area. This forms a broad zone separating the western 
area discussed from eastern lucerne growing area. Experiments in the 
counties of Cheshire, Staffordshire, Warwick, Berkshire, Hertford, Wilt- 
shire, Hampshire, and West Sussex mostly show an increased growth 
from inoculation which, though sometimes considerable at a certain 
stage in the trial, is transient (Table IV). Table V shows in several trials 
how soon after sowing the effect from inoculation became visible and for 
how long this effect remained. 

In plots sown without a cover crop, after periods varying from 
6 to 14 months the growth of the untreated lucerne has caught up that 
of the inoculated plants. The trial at Rothamsted is typical. It is 
known as a result of numerous experiments that the soil at Rothamsted 
contains the lucerne nodule organism, but in such small numbers that 



Table IV. Yields and nitrogen contents of the crops. 
Central mid south-eastern areas. 
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the nodules on lucerne plants are greatly increased by inoculation. Thus 
in a pot experiment with Rothamsted soil the nodules per plant (means 
of 50 plants) were; inoculated, 118*3; untreated, 46*7; and in a second 
similar experiment (means of 10 plants): inoculated, 113*1; untreated, 
43*8. This increase in nodule numbers appreciably affects the growth. 


bcCugia, aumbcr of NocLaLee and 
to p weiqhfc trv Lacirm, 10 levies old/. 

Back, point rzpnzo 2 r£<b t Ktf- mean op prom, 

60 Co 90 pi atxOb^romy cl pot cuXture experurteat/. 



Nodutoa, 
Fig. 2. 


In the above pot experiments the increases in top weight of inoculated 
over control plants were 40*5 per cent, and 16*1 per cent, respectively. 
Indeed in the early period of growth the top weights and nodule numbers 
are correlated (Fig. 2). The heavier nodule formation produced by inocu- 
lation is thus sufficient to increase the growth of the lucerne in the first 
few months even in soils that contain a certain number of the lucerne 
nodule organisms. On clean land and under good conditions the un- 
treated lucerne may recover from its weak start. Since the experiments 
mentioned in Table V show no evidence of a spread of organisms from 
the edges of the inoculated plots, this recovery is probably due to the 
multiplication of the bacteria already present in the soil. Where, however, 
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Table V. 




Time before 


How long 


the effect 


the effect 


appeared 

Cover 

lasted 

Experiment 

(months) 

crop 

(months) 

Rothamsted Experimental Station 

o 

No 

10 

Studley College, Warwick 

2 

No 

10 

Oaklands Farm Institute, St Albans 

2 

No 

6 



Yes 

30 

A. A. White, Bicester 

9 

No 

10 

Farm Training Colony, Turners Court, Wallingford 10 

No 

14 

W. Lawson, Sussex ... 

3 

No 

12 


the young lucerne has to compete with weed infestation or with a cover 
crop, the inoculation may produce a much greater benefit, since, in this 
case, a weak young plant will tend to be smothered and, moreover, the 
weeds or cover crop, by competing for combined nitrogen, force the 
lucerne to depend upon the nitrogen from its nodules at an earlier stage 
of growth. The experiment at the Hertfordshire Agricultural Institute, 
St Albans, affords an instructive example of this. Here, the usual trial 
consisting of eleven plots of 1 /5th acre was laid down, the lucerne being 
sown on bare ground in April 1925. Adjoining this were a series of plots 
each of approximately half an acre, in which lucerne alone and in various 
seeds mixtures was sown in a cover crop of barley. The arrangement of 
these plots was as shown in Table VI. The lucerne sown without a cover 


Table VI. Lucerne sown under a cover crop of barley at the 
Hertfordshire Institute of Agriculture. 

( Trial carried out by Mr J. Hunter Smith.) 



Cutting made May 1926, 14 months after 

sowing. 




Yield in cwts. per 

A _ _ _ 

acre 

Plot 

Size of plots 0*75 to 1 acre 

( 

Inoculated 

Untreated 

Increase 

A 

Lucerne drilled 

2320 

180-0 

52-0 

B 

Lucerne drilled — 1 lb. per acre wild white clover 

2330 

217-0 

16-0 

C 

Lucerne drilled — 2 lb. per acre cocks foot 

208-0 

133-0 

75-0 

1) 

Lucerne drilled — 2 lb. per acre Italian rye grass 

202-0 

139-0 

630 

E 

Lucerne, broadcast 

220-0 

169-0 

51-0 


Mean ... ... 

219-0 

167-6 

51-4 


crop showed a visible effect from inoculation which influenced both 
growth and especially the colour of the plant. This effect became 
noticeable in June and was very marked in August 1925. During 
September the untreated plots began to darken in colour uniformly, 
and by October it was no longer possible to distinguish between the 
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plots. On the. plots sown in a cover crop, on the other hand, the early 
start due to inoculation produced a more lasting effect. In October the 
inoculated lucerne was about f> inches high while scarcely any was 
visible on the untreated plots. In June 192G the cover crop plots gave 
the yields shown in Table VI. Even on these plots, however, the un- 
treated lucerne recovered during 1927 (Table IV). Trials made by 
Mr Edmunds on the Mentmore Estate, Leighton Buzzard, Mr Barwell 
Field near London Colney, and by Mr W. Keevil near Caine, showed 
no effect from inoculation. It seems probable that at these centres the 
soil contained a population of lucerne bacteria sufficient for the plant's 
needs. At Woburn Experimental Farm a marked effect from inoculation 
still persists. The previous acidity of the soil here makes this experiment 
more comparable with that at Tunstall. Suffolk, which is discussed below. 

The experiments in the midlands and south central counties, taken 
as a whole, indicate that the soils usually contain a sparse population 
of lucerne bacteria which, if the crop survives long enough, will eventually 
infect it, but that, in these soils, inoculated lucerne makes a stronger 
growth in the young stages, an advantage which may produce a lasting 
effect on the crop where it has to compete with other plants. In this 
district, therefore, inoculation is advisable as a precaution against un- 
favourable conditions in the first year and should always be adopted 
when the lucerne is sown in a cover crop. 

In the math-eastern counties about a dozen trials were started, the 
majority of which unfortunately failed owing to the wet summer of 
1924, but those that survived during the seedling year did not in this 
time show any visible improvement from inoculation. In an experiment 
carried through at the Australian Farms Training College at Lynford 
Hall, Norfolk, the yield results showed no benefit from the treatment 
(see Table TV). Over most of the south-eastern area the lucerne organism 
is apparently present in the soil as is indicated by the success with which 
uninoculated seed can be grown. An interesting and important excep- 
tion is afforded by the trial carried out by Mr A. W. Oldershaw, on the 
County Council Experimental Farm at Tunstall, near Ipswich. This farm 
is on an area of very light, sour land, having a reaction of about pH 5*4. 
The trial was made both with the object of testing the value of inocu- 
lation and to see whether lucerne could be grown on this land after 
liming. The experimental plots of inoculated and untreated lucerne were 
therefore laid across strips left unlimed and limed in various ways. 
Table VII shows the plan of the trial. The lucerne was sown in July 
1926. By the following March no effect from inoculation was visible, 
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Table VII. Plan of the experiment at the East Suffolk County Council 
Farm , T unstall , showing yields in 1928, as cwts. per acre. 




Inocu- 


Inocu- 


Inocu- 

Mean 

yield 

inocu- 

Mean 

yield 

control 


Control 

lated 

Control 

lated 

Control 

latod 

lated 

No lime 

Crag 

5 tons per acre 

4-5 

5 

4-5 

5-5 4-5 

No weights taken 

13 

7-5 

4-5 

Chalk 

5 tons per acre 

19 

26-5 

12*5 

1<> 

11-5 

1 8 5 

20-3 

14 3 

Chalk 

10 tons per acre 

11-5 

23 

7 

18-5 

10 

18 

19-8 

9*5 

Chalk 

20 tons per acre 

12*5 

37-5 

14 

22-5 

12-5 

24 

24-7 

13 


but only the inoculated plants bore nodules. By the middle of June a 
very marked effect from inoculation was visible on the limed plots and 
analysis showed the following nitrogen percentages in tops and roots: 

Inoculated Control 

Tops 2-55 1-31 

Roots 1-63 0-88 

In 1928 the first cutting gave the yields shown in Table VII. The 
experiment shows that even in a region such as East Anglia whose soils 
generally contain the lucerne organisms, they may be absent where the 
soil is acid. This conclusion is supported by other workers. Fred and 
Davenport (W) testing seven strains of the lucerne organism found that 
in laboratory cultures in a liquid medium an acidity greater than pH 5 
prevented growth, while Bryan (in found that they were killed by storage 
for 75 days in soil more acid than pH 5. .Ioffe (ir>) and Bryan (i(») found 
that nodule development on lucerne fell off rapidly as the acidity in- 
creased from 7 to pH 4 although a few nodules developed at the 
latter reaction. The dying out of lucerne bacteria in acid soils thus makes 
inoculation important in these soils after they have been limed. Thus 
Fred and 0raul(i7) found that in the acid soils of Wisconsin inoculation 
was very beneficial especially when combined with liming. This is also 
the common experience in Denmark. 

4. Spreading of the Bacteria. 

In many cases the weight results underestimate effects of u inocu- 
lation.” This is due to two causes. In the first place the untreated plots 
tend to become very weedy and the crop weighed often consists largely 
of weeds. This is for example the case on Col. Brassey’s plots where, in 
1927, the untreated plots bore only an occasional small plant of lucerne, 
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the weight of crop being made up entirely of other plants, mostly red 
clover (see Table II). 

In the second place, there have been certain experiments where the 
control plots have become infected by the migration of the nodule 
bacteria into them from the inoculated plots. This usually shows itself 
above ground by the gradual spreading of the deeper green colour from 
the edges of the inoculated plots. In the case of Mr W. Low’s and 

Mr W. Lows Experiment 
L es$<2nlru} difference coxjusccL by 

ecCtorv of the urd>eatecl ploCs 



Mr G. Sheaf’s experiments the whole of the control plots have now 
become infected. The yields from Mr Low’s plots illustrate very clearly 
the apparent loss of effect from inoculation which is in reality due to 
the gradual infection of the control plots (Fig. 3). 

Observations of the spreading on Mr Sheaf’s plots showed that it 
commenced in the middle of August 192*5 and continued until winter 
set it, the plants in the newly infected areas bearing numerous nodules. 
No further spreading was noticed until the following June when the 
spread recommenced and continued during the summer, by the end of 
which the control plots were almost completely inoculated (Table II). 
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It is thus probable that the spreading is affected by season, and does not 
occur except under special conditions of soil moisture and temperature. 
It is at any rate an exceptional phenomenon, marked spreading having 
been observed in only six of the experiments. It is not apparently 
related to soil type, though in two cases it was clearly connected with 
the wetness of the soil. The migration of the bacteria must have a con- 
siderable bearing upon the slow infection of a soil by the chance intro- 
duction of small numbers of nodule bacteria in samples of uninoculated 
seed. The sporadic occurrence of spreading indicates that only under 
exceptional conditions will a soil become rapidly populated with the 
organism by such accidental means. 

5. Nitrogen Content of the Crop. 

The inoculation sometimes causes an increase in the nitrogen content 
of the crop without raising the yield. This has occurred, for example, in 
Colonel Meynell’s experiment (Table IV). More often both the yield 
and the percentage of nitrogen are increased. In both these cases it 
would seem that some other limiting factor has prevented the crop from 
taking full advantage of the increased nitrogen supply. In other cases, 
as in Mr Lawson’s and Messrs Pennell and Sons’ trials, there is an increase 
in the crop but no significant increase in the percentage of nitrogen in it. 
In such cases the plant has been able to make full use of the nitrogen 
to increase its bulk. 

6. Prospects of Success with Lucerne in the 
Various Districts. 

The better crop obtained by inoculating lucerne in the south-west, 
west and north of Great Britain raises the question : Can the successful 
growth of lucerne be extended westwards and northwards by the use 
of the present improved methods of seed inoculation? During the last 
two years cultures for inoculation have been sold to about 200 farmers 
distributed over nearly all parts of England. The success or failure of 
the crop from inoculated seed has been reported in a considerable number 
of cases so that we now have a good deal of evidence, apart from that 
obtained from actual experiments as to chances of getting a crop from 
inoculated lucerne in various districts. The map, Fig. 4, shows the 
distribution of successes and failures with inoculated seed sown in 1925, 
1926 and 1927. The figure only shows whether a successful crop was 
obtained from the inoculated seed and does not take into account the 
growth of untreated lucerne in places where this was sown. The area 
east of Longitude 1*5° and south of Latitude 53° may be taken as being 
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that over which the crop is at present cultivated to an appreciable 
extent. Within this area inoculated seed gave a successful crop at 35 
out of a total of 49 centres (71*4 per cent.). In the remainder of Great 
Britain where the crop is at present very seldom grown, inoculated seed 
gave successful crops at 53 out of 78 centres (67-9 per cent.). Thus in 



Fig. 4. 

spite of the fact that this latter area includes centres in such unpromising 
districts as Wales and Cumberland, the percentage of successes with 
inoculated seed is not significantly lower than in the south-eastern area. 
Taking the western and northern area as a whole it thus appears that 
the climatic and soil conditions do not prevent the cultivation of the 
crop when the nodule bacteria are supplied to it, but that the failure of 
the crop in these districts in the past has been mainly due to the absence 
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of the appropriate bacteria from the soil. It would especially appear 
that the Gloucestershire and Herefordshire district is well suited to the 
growth of lucerne from inoculated seed. 

7. The Causes of Lucerne Failure. 

The records of experiments in which the lucerne failed afford inter- 
esting evidence as to the prevalence of the various causes of failure. The 
trials were unfortunately started in the very wet spring and summer of 
1924, and of those sown in that year 15 failed owing to weeds. The 
difficulty in checking the weeds in this wet year must, however, be 
regarded as quite abnormal. Other trials sown in this year failed for the 
following reasons: 

Cause No. of trials 

Acid soil 3 

Wet soil 2 

Frost 1 

Too loose seed bod 1 

Shallow subsoil ... ... ... 1 

Insect attack ... ... ... 1 

The weather conditions in 1925 and 192G were more normal. The causes 
of failure in trials sown in these two years were as follows : 

Cause No. of trials 

Weeds 5 

Drought ... 3 

Frost 3 

Insect attack ... ... ... 1 

Cause unknown ... ... ... 2 

Even in these more normal years weeds were the most frequent form 
of failure. The three trials that failed through drought were sown in 
June or July, showing that there is some risk attending late sowing, 
although thirteen other trials sown in these two months have been 
successful. It is probable that soil acidity is a more common cause of 
failure than appears in these figures since in nearly all experiments the 
ground was well limed before the lucerne was sown. It seems clear, 
however, that the main difficulty to be met in extending the cultivation 
of inoculated lucerne in the west and north, is that of controlling weeds. 
There are three stages in the life of the plant when weed infestation 
seems to be especially dangerous. When the crop is sown in April or 
early May it usually has to compete in the early summer with spring 
germinating weeds. In the autumn of the seedling year there is often 
a heavy growth of such weeds as groundsel or chickweed which may 
smother the young lucerne. Finally, an old stand of lucerne is liable to 
be damaged by perennials and grasses. In many cases this last type of 
weed growth is probably a symptom of the weakening of the lucerne 
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plant from some other cause. It is in the seedling year that the real 
difficulty has to be met. It is necessary that the plant should be pro- 
tected against severe weed competition until it is strong enough to 
smother the weeds, and therefore this period should be shortened as much 
as possible by inducing quick growth of the young plant. It is in doing 
this that inoculation would seem to be advantageous. It is the practice 
in some districts to sow the lucerne in a cover crop, and it is claimed 
that this helps to keep down the spring germinating weeds and also 
protects the young lucerne against adverse weather. On the other hand 
some successful growers of the crop sow it in late June or July. The 
advantage claimed for this method is, first that the spring germinating 
weeds can be removed before the lucerne is sown, and secondly that the 
warm soil induces rapid early growth of the crop. On the other hand 
the lucerne is exposed to the risk of drought in the young seedling stage 
and to the danger of severe competition with autumn weeds before it 
has made enough growth to smother them. It was thought advisable 
to make a comparison between these two methods of sowing the crop. 
Experiments were laid down in Somerset, Montgomery, Monmouth and 
Cumberland as well as at Rothamstcd (see Table 1), localities in the 
west being selected, since in such wet districts the difficulty of weed 
control is especially great. In each experiment the following treatments 
were tested in triplicate, the plots being arranged in three blocks within 
each of which the four differently treated strips were arranged at random : 

A. Inoculated seed sown in April or May in a cover crop. 

B. Untreated seed sown in April or May in a cover crop. 

C. Inoculated seed sown in July on bare ground. 

D. Untreated seed sown in July on bare ground. 

In the experiment in Somerset laid down by Messrs Clarke and Sons in 

1926 the cover crop failed. In the second year, however, the spring sown 
crop looked stronger than the July sown and was less weedy. In July 

1927 weighings of the green crop were made and gave the results shown 
below : 

Yield in cwts. Percentage 
. per acre. nitrogen in 

Treatment Mean of 3 plots the crop 

Spring sown, inoculated 119*3 4*13 

Spring sown, untreated 97*2 4*09 

July sown, inoculated 44*2 4*12 

July sown, untreated 36*5 4*14 

A similar trial laid down at the Agricultural Institute, Usk, failed 
probably owing to water logging of the soil in winter. In a trial laid 
down in 1926 at the County School, Welshpool, Montgomery, the plots 
became much infested with chickweed and groundsel in the autumn of 
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the seedling year. It was noticed that the spring sown plots were the 
better and the less weedy, and by the following year three of the July 
sown plots failed completely. In July 1927 the crop was weighed green 
and the following yields were obtained: 


Percentage 
Yiold in cwts. nitrogen in 
Treatment per acre the crop 

Spring sown, inoculated 109-96 2-64 

Spring sown, untreated 81-16 2-72 

July sown, inoculated 64-2 2-39 

July sown, untreated 28-8 2-50 


In the trial carried out by Mr C. H. Roberts at Boothby, Brampton, 
Cumberland, the whole of the July sown plots as well as all the plots 
sown with untreated seed failed completely. Only the April sown inocu- 
lated plots bore any crop, and these produced a fair growth. The experi- 
ments agree, therefore, in showing better results from sowing the lucerne 
in spring with a cover crop than from July sowing. It is probable that 
in the west at any rate the plant needs a full summer’s growth to enable 
it to meet the competition of autumn weeds. The comparative effects 
of spring and autumn sowing are no doubt greatly dependent on the 
weather. Trials sown in different years are therefore still required before 
the general superiority of the April sown crop can be established. 

Summary and Abstract. 

1. The paper discusses experiments laid down at 39 centres in Great 
Britain to test the value of seed inoculation for lucerne. 

2. The seed was inoculated by treating it with a suspension of the 
nodule bacteria in skim milk containing 0-1 per cent, calcium di-acid 
phosphate, the method developed by Thornton and Gangulee. 

3. In the west and north of ^England the treatment greatly bene- 
fited the lucerne and often enabled a crop to be obtained where the 
untreated lucerne failed. At 12 centres in this area at which the crop 
was weighed, inoculation increased the yield by over 20 per cent, in all 
cases save one, where spread of the bacteria vitiated the result. 

4. The improvement sometimes showed itself as an increased yield 
and sometimes as an increase in the nitrogen content of the hay. In 
most cases both these effects were produced. 

5. In the midland and south central counties inoculation usually 
produced a temporary improvement, the untreated plant eventually 
catching up with the inoculated. The effect of inoculation is very much 
greater where the young lucerne has to compete with a cover crop. 
Weight results from 8 centres in this area showed increases from inocu- 
lation of over 20 per cent, in 4 cases, smaller but significant improve- 
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ment in yield or nitrogen content in 3 cases, and no significant effect in 
one case. 

6. In East Anglia and Kent untreated lucerne usually develops 
plenty of nodules. An exceptional condition occurred in a trial at 
Tunstall Heath, Suffolk, on sour light land, where liming and inocula- 
tion produced a fair plant although the uninoculated lucerne developed 
no nodules and failed. 

7. There is evidence that, when the seed is inoculated, the chances 
of success with lucerne are on the whole as good in the west and north 
of England as they are in the south-east. 

8. In a number of trials sown in 1926 better results were obtained 
by sowing the seed in a light cover crop in spring than by sowing in June 
or July. 
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A PRELIMINARY NOTE ON THE EFFECT OF 
SODIUM SILICATE IN INCREASING THE 
YIELD OF BARLEY. 

By R. A. FISHER, Sc.D. 

(Rothamsted Experimental Station , Harpenden.) 

(With One Text-figure.) 

1. Source of Data. 

The permanent barley experiment at Rothamsted, of which the first 
crop was harvested in 1852, contained among others four plots receiving 
sulphate of ammonia; of these, two plots (2 and 4) received in addition 
392 lb. per acre (439 Kg. /Ha.) of superphosphate, while also two plots (3 
and 4) received sulphates of potassium, sodium and magnesium at rates 
of 200, 100 and 100 lb. per acre (224, 112, 112 Kg./Ha.) respectively. 

The comparison of the yields showed from the first a satisfactory 
response to the phosphatic manure, but little or no response to the 
potash and other sulphates. 

For the harvest year 1864 and subsequently these four plots were 
each divided in two, making two series of four plots each. The first series 
(Series AA) continued the treatment of the previous years, while to the 
second series (Series AAS) a dressing of sodium silicate was added at the 
rate of 400 lb. per acre (448 Kg./Ha.). In 1868 the nitrogenous dressing 
of sulphate of ammonia was replaced by nitrate of soda at the rate of 
275 lb. per acre (308 Kg./Ha.). 

The remarkable effects of the addition of silicate have already 
attracted considerable attention, but for lack of analytical data and 
other reasons it appears that the effect of the addition of silicate has 
been in some manner misunderstood. This note presents a summary 
of the results of statistical analyses of the yield data, together with 
new chemical analyses, which appear to show conclusiyely that the 
view previously rejected that the silicate acts by making available to 
the plant the actual reserves of soil phosphates must be regarded as 
strongly established. 

2. The Effect on the Average Chop. 

It was early realised that the plots receiving silicate were yielding 
considerably heavier crops than those which received no silicate, and 
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that this effect was especially clear on the plots which received no 
phosphate. Thus Hall and Morison(i) in 1906 give the following average 
yields in bushels per acre for the 41 years 1864-1904. 

Table I. Grain in bushels per acre. 

Plot 1 Plot 2 Plot 3 Plot 4 

Series AA (no silicate) 27-3 42*2 28*6 41*2 

Series A AS (silicate) 33-8 43-5 36*4 44*6 

Table II. Straw in cwt. per acre . 

Plot 1 Plot 2 Plot 3 Plot 4 

Series AA (no silicate) 16-2 24*6 17*9 26*3 

Series AAS (silicate) 19-8 25*8 21*7 27*6 

In the absence of phosphate the addition of silicate has increased the 
yield from 28 to 35 bushels of grain, while in the presence of phosphate 
the increase is only from 41*6 to 44 bushels. Such results strongly 
suggest that the effect of the silicate, of whatever nature it may 
be, is intimately concerned with the phosphatic requirements of the 
crop. These might be either primarily a matter of soil chemistry, if 
the effect of the addition of silicates were to make available some 
portion of the phosphatic reserves of the soil, or primarily a matter of 
plant physiology, if its effect were to diminish the phosphatic require- 
ments of the plant. Only analyses of the ash can settle this primary 
question. 

It may be remarked at once, however, that the effect can scarcely 
be ascribed to the sodium rather than to the silicate in the manure added. 
For all plots receive a large quantity of sodium as nitrate, and plots 3 
and 4 in addition receive further sodium, as well as potassium, as sulphate. 

3. The Ash Analyses. 

Ash is available from samples of grain and straw for nearly every 
plot in every year. Their phosphatic content is, however, with some 
exceptions unknown. Hall and Morison give the phosphatic contents 
of the ash from grain and straw for these eight plots for the harvest years 
1903 and 1904. The chemical department at Rothamsted has further 
supplied me this year with the values for two groups of six years each, 
namely 1868-73 and 1906-11. These 224 analyses thus supply data for 
14 separate years. 

For grain the mean content of phosphoric anhydride expressed per 
cent, of pure ash is shown in Table III. 
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Table III. Phosphoric anhydride per cent, of ash. 


Plot 1 

Series AA 31*37 

Series AAS 32*51 


Plot 2 Plot 3 

35*57 30*51 

35*42 32*74 


Standard 

Plot 4 error 

35*47 0*1735 

35*94 


The differences in percentage are comparatively small, but those in- 
duced by a dressing of superphosphate are so regular that their statistical 
significance can scarcely be doubted. In order to test the significance 
of the smaller effects it is necessary to form an estimate of the standard 
error of these average values. It is now becoming increasingly realised 
that a standard error based on the agreement of duplicate chemical 
determinations is not a sufficient safeguard unless such errors as arise 
in sampling the produce and the ash can be exhaustively examined. In 
order to obtain one inclusive estimate we may utilise the close parallelism 
between plots 1 and 2 receiving no sulphates of potash, soda and mag- 
nesium, and plots 3 and 4 which receive them. The differences between 
these two pairs of plots were therefore calculated for each year, and their 
deviations from the means of the six early and the six late years respec- 
tively provide the estimate of error given in the table, this estimate 
being based on 40 degrees of freedom. 

Judged by this standard there is a clearly significant increase due 
to silicates in plots 1 and 3, but no significant change in plots 2 and 4. 

In Table IV are shown the averages obtained from the analyses of the 
straw. 


Plot 1 

Series AA 1*997 

Series AAS 1*962 


Table IV. 

Plot 2 Plot 3 

3*598 1*830 

3*336 1*816 


Standard 

Plot 4 error 

3*533 0*0399 

3*559 — 


None of the silicate comparisons can be regarded as significant, 
except the somewhat large reduction of phosphatic content in the ash 
from plot 2. There is besides a marked increase on the plots receiving 
superphosphate and some decrease on those receiving potash. 

The data for two years given by Hall and Morison gave indications 
similar to those of the average of 14 years here presented. These authors, 
however, write as though the ash analyses showed that phosphoric acid 
was less abundant in the straw (although somewhat more so in the grain), 
whereas the analyses in reality only show the proportion of phosphoric 
acid in a 100 parts of ash. They argue, therefore, that the silicate “gives 
the plant such a stimulus as enables it to develop more vigorously and 
obtain more phosphoric acid from the soil”; although on the view that 
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additional phosphate is not made available, it is difficult to explain why 
the phosphoric acid in the ash from the grain should not be somewhat 
decreased. The essential fact that appears to have been overlooked is 
that the increase of any one ingredient in the ash will ceteris paribus tend 
to diminish the percentage of other ingredients, and this effect will be 
most clearly apparent when we are concerned with two ingredients such 
as silica and phosphoric acid which contribute largely to the ash. 

We may now turn to the very different picture presented by the total 
weight of phosphoric anhydride removed in the crop. 

4. Weight of Phosphoric Anhydride in the Crop. 

The total ash content of the crop, both in grain and straw, being 
known, it is an easy matter to calculate from the percentage of phos- 
phoric anhydride in the ash the total content of the crop in this in- 
gredient. This is shown with a standard error, calculated as before, 
in Table V. 

Table V. Phosphoric anhydride in crop (lb. per acre). 

Standard 

Plot 1 Plot 2 Plot 3 Plot 4 error 

Series AA 10-50 22-47 10-31 22-40 0-3873 

Series AAS 13-82 22-84 15-20 25-67 

In the absence of all phosphoric fertiliser the crops on plots 1 and 3 
have depleted the reserves of phosphoric anhydride to the extent of 
10*4 lb. per acre (11*7 Kg. /Ha.) in each year. The effect of adding silicates 
to these plots has been to increase the quantity removed to 14-5 lb. 
per acre (16-7 Kg./Ha.), or by about 40 per cent. For comparison, the 
addition of superphosphate, containing, at 16-5 per cent., over 64 lb. of 
phosphoric anhydride per acre (72 Kg./Ha.) annually, has only increased 
the amount removed in the crop by 121b. (13-5 Kg./Ha.); and when 
silicate is present in addition this is further increased by nearly 2 lb. In 
view of these figures it is difficult to avoid the conclusion that, in the 
presence of silicate, phosphoric acid is made available to the plant, even 
in plots which have been long depleted in this ingredient without re- 
placement, in very considerable quantities. 

5. The Phosphatic Content of the Crop by Dry Weight. 

The quantities of phosphoric anhydride removed in the crop, al- 
though striking in quantity and long sustained, are not competent to 
provide a decisive disproof of the suggestion that the effect of silicate 
in increasing the phosphate removed is an indirect consequence of a 
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stimulus to the growth of the plant. Such disproof must be sought in 
the phosphatic content of the crop expressed as a fraction of its dry 
weight. For it is evident that if the increased growth of the crop is not 
due to increased abundance of available phosphate but to some other 
nutrient or stimulus, the phosphatic content of the plant reckoned as 
a fraction of the total organic matter present could not be increased, but 
must, if any change is perceptible, be diminished; whereas, on the 
contrary, an increase in growth directly stimulated by an increase of 
available phosphates might reasonably be expected to be accompanied 
by an increase of phosphatic content in the organic matter. A strict 
application of this test would perhaps require that the phosphatic 
content should be reckoned per 1000 parts of dry matter less ash; since, 
however, the absolute amounts of ash, though variable, are not large, 
only quite negligible errors will be introduced by expressing the phos- 
phoric anhydride in 1000 parts of dry matter. 

In view of the importance of this measure we shall give the averages 
separately for the three periods. 


Table VI. Phosphoric anhydride per mille dry matter. 

1868-73. 

Standard 



Plot 1 

Plot 2 Plot 3 

Plot 4 

error 

Series AA 

3*67 

4-69 3-60 

4-82 

— 

Series AAS 

409 

4-88 4-08 

1903-4. 

6*21 


Series AA 

3-46 

5-36 3-08 

619 

— 

Series AAS 

4-21 

6-54 3-92 

1906-11. 

6-80 


Series AA 

3-36 

610 3-34 

4*97 

— 

Series AAS 

3-85 

5*25 3-80 

14 years. 

6*20 


Series AA 

3-51 

4-96 3-42 

4-94 

0*049 

Series AAS 

4-00 

613 3-94 

6*29 



The table (Table VI) shows at all periods separately that the phos- 
phatic content of the dry matter of the crop is increased in all four plots. 
It is to be noticed that the two years for which analyses are given by 
Hall and Morison are not the least striking in this respect. Once the 
results are expressed in this form, however, there can be little doubt that 
the addition of silicate has had at all periods, and on all the plots, the 
effect of making more phosphoric acid available to the crop, and not 
merely of stimulating growth with the secondary effect that more 
phosphoric acid is absorbed. 
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6. Crop Increase in Relation of Abundance of Phosphate. 

The conclusion of the last section raises the further question as to 
whether the crop increase associated with the addition of silicate is not 
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wholly accounted for by the increased abundance of available phosphate 
which such addition produces. We have no direct evidence of the 
amount of crop increase which would have been induced by smaller 
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additions of superphosphate than that actually employed. It is, how- 
ever, reasonable to suppose that if we had the results of applying phos- 
phate in a number of separate increments, the relation between average 
yield either in grain or straw and the phosphatic content of the plant 
would be represented by a smooth curve. 

For this purpose plots 1 and 3 which differ only in the potassic 
fertiliser, and plots 2 and 4, may be thrown together and we obtain the 
results of Table VII. 

Table VII. 

Phosphoric Grain, 

anhydride Mean yield 

per mille 59 years 

dry weight bus. per acre 
Plots 1 and 3 3-402 24-66 

Plots IS and 3 S 3-971 31-06 

Plots 2 and 4 4-951 38-68 

Plots 2 S and 4 S 5-210 40-30 

The values are represented graphically in the figure. 

It will he seen that the values for the grain follow a very regular 
curve, while those for straw are somewhat less regular. Considering, 
however, that the standard error of our values for phosphatic content is 
about 0-035, it appears that neither curve can be regarded as indicating 
any significant departure from the simple view that the whole of the 
increased yield both in grain and straw associated with the dressing of 
sodium silicate is solely ascribable to the increased availability of the 
phosphatic reserves of the soil. If the results can at all be expressed in 
terms of stimulus, it is a stimulus to phosphatic intake only, and not 
to plant growth, that must be postulated. 

Summary. 

The addition of sodium silicate has been found to increase the yield 
of barley to a considerable extent, this effect being most marked when 
no superphosphate is added. 

The phosphatic content of the ash is not greatly increased in the grain, 
and is diminished in one case in the straw; the conclusion from this 
observation that the silicate does not act by releasing soil phosphates, 
but as a plant stimulus, overlooks the fact that the addition of silica 
to the ash naturally reduces the percentage of other constituents, and 
should be discounted. 

The phosphate removed annually in the crop is greatly increased on 
the plots receiving silicate, even when this removal has continued for 
many years without replacement. 


Straw. 
Mean yield 
59 years 
lb. per acre 
1794 
2144 
2625 
2782 
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That additional phosphate is actually made available to the crop on 
the plots receiving silicate is shown by the increase in the proportion of 
phosphate in the dry weight of the crop, which appears on all the plots, 
and at all periods. 

This increase is quantitatively sufficient to account for the increased 
yield in grain and straw, without postulating the aid of any stimulus to 
plant growth. 
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1. Introduction. 

In spite of the manifest progress of plant physiology a deductive theory 
of the relation between the size of a plant and the environmental factors 
seems still remote. Our present knowledge is too small and scattered to 
serve as a basis for the formulation of any rigid laws. The only procedure 
open therefore to quantitative research is to attempt to establish 
empirically some relationship between yield and external factors ; it may 
thereafter be possible to discover its physiological significance, and in 
any case to put it to practical use. 

Liebig made an early attempt to formulate a relationship between 
the plant-yield and the intensity of the external factors. He stated that 
of all the factors there was one which was “in minimum ” and that the 
size of the crop was determined by, and increased with, increase in this 
factor until a point was reached at which some other factor was in 
minimum. Mitscherlich and many other workers have, however, shown 
conclusively that the simple formula of Liebig is not a true expression 
of the yield-factor relationship. The law of plant-yield formulated by 
Mitscherlich (l), his expression for the relation between the yield and the 
environmental factors and the practical use and physiological signi- 
ficance of this expression, have all been very severely criticised by 
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Briggs (2). Throughout his work Mitseherlich stresses his idea that the 
value of the constant c in his expression 

y = A (1 - e~ cx ), 

expressing the yield y in terms of the quantity of nutrient x , is dependent 
upon the nature of the factor and upon that alone, and yet it is precisely 
the change in the relation of growth to the single factor brought about 
by the interaction of other factors that needs to be known. In fact 
Briggs has successfully shown from Mitscherlich’s own data that where 
only one factor, such as potassium, is varied at a time the relation 
between yield and factor is different for different values of the other 
nutrient — magnesium. In most cases where manure is added in the 
form of a salt, the factors increase simultaneously. When two factors 
with different constants are increased simultaneously the value of dyjdx 
is no longer given by the simple relation dyjdx - c (A - y), and is thus 
no longer proportional to the deficit from the maximum. The relations 
worked out for two factors by Briggs show that if in investigating the 
effect of a single substance, such as potassium, a salt such as phosphate 
or nitrate is added, the conditions should be such that sufficient of the 
elements introduced as part of the salt (phosphate or nitrogen) is already 
present to render the effect of further increase of these elements negligible. 
More detailed data is surely required to decide the point raised by 
Mitseherlich that the constants for nitrogen are the same in the form 
of ammonium, urea and nitrate ions. Mitseherlich ’s work has paved the 
way for further thorough investigation, but his results bring out only 
two tangible facts, (i) that yield will be increased by an increase in any 
of the factors, provided c is positive, and (ii) that the value of dyjdx is 
proportional to the corresponding factor c and to the deficit of the yield 
at that point from the maximum attained when that particular factor is 
increased indefinitely. The hypothesis that “as far as variations in 
one factor alone are concerned the yield expressed as a fraction of the 
maximum yield obtained when that factor is very great is the same 
whatever may be the plant, portion of plant, time of harvest, and other 
growth conditions in weather, soil, etc.” is not only open to challenge 
but entirely belied by agricultural as well as pot-culture data (see 
section 2). Mitseherlich has attempted to use his equation in conjunction 
with the results of pot-culture experiments to determine (a) the amount 
of a manurial substance in a sample of soil, and (b) the effect of the 
addition of artificial manure to field plots. In this practical use of the 
equation he does not employ any well recognised statistical method, and 

39-2 
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with the adaptability of A and b allowed by him it is not surprising 
that values for the constants are found so that the values of y calculated 
on their basis give an agreement with observation which Mitscherlich 
considers satisfactory, although the main justification brought forward 
by him for his results is the agreement of the observed and the calculated 
values. Mitscherlich makes no attempt to measure statistically the 
precision of values obtained for his constants. In the absence of their 
standard errors it is difficult to judge the goodness of fit of these values, 
and their practical applications also become a matter of great doubt. 
All the evidence considered by Mitscherlich is based upon pot cultures 
and he himself seems to be in great difficulty to apply it in a suitable 
manner to field conditions. 

2. Statement of the Problem. 

Briggs has clearly shown that even in approaching the subject from 
Mitscherlich ’s direction we are not limited to his narrow path. From 
our knowledge of plants it is unlikely that when the conditions are made 
more and more favourable the size of a plant can go on increasing 
without limit. There are various possible yield-factor relations. The law 
of diminishing returns may hold throughout the whole range; the yield 
may increase proportionately with increased quantity of manure up to 
a certain point and then no further as Liebig suggested, although not 
independently of the interaction of other factors (a fact which was lost 
sight of by him); the return per outlay may increase with increase in 
outlay up to a certain point and then no further increase in the return 
will result; or we may have various combinations of these relations, but 
beyond a maximum return we cannot go. In the case of the plant and 
variation in one factor of the environment the law of diminishing 
returns seems to apply. The Mitscherlich one-factor equation is not the 
only equation which approaches a maximum value with ever decreasing 
return per outlay as outlay is increased. In fact Briggs has shown that 
some other equations fit even Mitscherlich J s data much more closely than 
his partipular equation. More recently Lemmerman(S) has come to the 
same conclusion. However, it is necessary to the understanding of the 
problem to examine the more general implications of Mitseherlich’s yield 
equation y A (1 — e~ cx ). If the intensity of the factor changes to x', 
the value of the yield y ' will equal the value A (1 — e~ cx ), or the change 
of y to 7 / will take place in the ratio (1 — e~~ cx ) : (1 — e~ cx ), i.e . inde- 
pendently of the value of A. All other factors governing the yield, 
besides the one under consideration, can affect the yield only by pro- 
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ducing some change in the value of A ; this ratio, being independent of A, 
is therefore required to be uninfluenced by the condition of other factors 
at the time of the change. That such ratios are not in fact independent 
of the interaction of other factors can be shown from any fairly 
accurate agricultural data. The well-known data on wheat-yield from 
Broadbalk(4) supply a very clear case; the addition of a certain dose of 
nitrogen raises the yield in the ratio 1-589 : 1 (plots 3, 4 and 10) when 
no other salts are added, but the same dose of nitrogen in the presence 
of mineral salts is capable of raising the yield in the ratio 2-212 : 1 
(plots 5 and 7). 

Table I (a). Broadbalk data . Manure per acre, in lb. 

Sul- Sul- Sul- Nul- 



phato 

phato 

phato 

Super- 

phato 

Chloride 

Mean 


1 1 


of 

of 

of mag- 

phos- 

of am- 

of am- 

buahels 

y[ 

riot 

potash 

soda 

nesia 

phate 

monia 

monia 

per acre 

y 

y y' 

3 and 4 
10 



— 

z 

— 

200 

200 

y 12*269) 
y 19*504/ 

1*589 

•03021 

5 

200 

100 

100 

392 





y 14*1801 
y' 31*367/ 

2-212 

•03765 

7 

200 

100 

100 

392 

200 

200 


The same fact is clearly borne out by the yields of barley taken 
from the pot-culture investigations of Dr Gregory at Rothamsted 
regarding the interaction of nitrogen and phosphorus. Here the ratio of 
the yield obtained when 1215 mg. of nitrogen per pot are supplied to 
that when only 15 mg. are given, varies from 4-902 to 24-000 as the 
amount of phosphorus added rises from 5 to 405 mg. per pot. 


Table T (n). Pot-culture data. 



Mg. of nitrogen per pot 

Ratio of 
yields 

Reciprocal 

difference 

I’A 

r 

15 

1215' 

5 

306 

15*00 

4-902 

■2602 

15 

3*36 

17*88 

5-321 

■2417 

45 

303 

29*60 

9*769 

•2963 

135 

2*39 

68*10 

20*089 

•2784 

405 

3*60 

86*40 

24*000 

*2663 


MitscherlielTs yield-factor relation fits neither the agricultural nor the 
pot-culture data, and it therefore fails to meet a requirement of yield 
formulae, which has been far too little appreciated. Not only must the 
formula represent satisfactorily the response to variations of a single 
factor, but also the response to simultaneous variations of two or more 
different factors. A yield-faptor relation suggested by Maskell is critically 
tested in this paper and seems to fulfil this necessity. This, which by 
electrical analogy may be termed the Resistance Formula, requires that, 
instead of the ratio y f jy being independent of the influence of other factors, 
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when the value of one factor changes in intensity, 


1 


y 


1 


the difference 


of reciprocals of yields, should behave as such; the agreement of the 
several values of this difference both in the case of the field data and 
in that of the pot-culture data suggests that we have here at least a 
good approximation. 

The succeeding sections are devoted to testing, by comparison with 
the best available data, formulae of the general resistance type, i.e. 


± = F(N) + F (K) + F' (P) + ... + C, 

and the derived Special Formulae in which F, F\ F" ... are inversely 
proportional to the nutrients available. 

The purpose of this paper is therefore to show : 

(a) By a method of approximation, detailed hereinafter, the satis- 
factory fit of the Resistance Formula to several sets of data. 

(b) That the expressions F ( N ) and F' (K) y etc. are well represented 

by the forms ^ ^ and ^ , etc., where N and K y etc. are the nutrients 

added to the soil and n, k y etc. those originally present in the soil, while 
a ny a k , etc. are the constants for the several types of manure added. 

(c) That the harvesting data, when fairly freed of experimental errors 
by the method of approximation shown in section 3 (a), can be used for 
evaluating the terms a n , a ky n and k, and that these parameters ob- 
tained satisfactorily fit the experimental data. 

(d) That the values of n and k obtained through this channel give 
us a new measure of soil fertility, which differs from the absolute quantity 
of plant food present in the soil in that it is rather the measure of the 
effect of the plant food in the soil in terms of the soil fertiliser. This new 
measure of soil fertility affords direct and independent evidence necessary 
to test the validity of laboratory methods for estimating the amount of 
the several nutrients in the soil. These values should also enable us to 
measure tfhc immediate availability of plant food in different manures 
and their residual value for the succeeding crops. 

(c) That the standard errors of the values of the several terms 
obtained can be measured. This is necessary to obtain trustworthy 
conclusions free from any subjective bias. These are also required in the 
design of agricultural experiments capable of yielding more precise and 
accurate results. 
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(f) That these values of the constants when obtained with sufficient 
accuracy should enable us to answer such problems as the “optimum 
value for a given manure ’ or a balanced manure for two or more kinds 
of nutrients with great confidence. 

3. Material and Methods of Investigation. 

(a) General Resistance Formula. 

The choice of material for the development of the method was due 
solely to circumstances. The absence of any very accurate data seems to 
stand for the present in the way of the investigations being pushed 
much farther beyond the present stage. The writer is, however, of opinion 
that not only is the method employed essentially applicable to field trials 
and pot cultures, but that it could be applied to any type of plant-yield 
data by introducing suitable modifications in the system of weighting, etc. 
The following example is chosen to illustrate the process of fitting and 
testing the Resistance Formula. 

Table II. Potatoes (Kerrs Pink), Stackyard Field , Rothamsted, 1926. 

Average yield in tons per acre (y). 

Cwt. per acre, sulphate of potash 

A_ 

0 12 4 


Cwt. per /() 

7*80 

7*80 

8*01 

7*79 

System of replication : Randomised 

acre, sul- J 1 

7-73 

8*98 

9*17 

9*01 

blocks for all manurial combina- 

phate of 1 2 

9*40 

10*56 

10*30 

10*44 

tions. Plots 1/50 acre. Rasal dressing 

ammonia (4 

9-53 

11*15 

11*62 

12*34 

3 cwt. superphosphate per acre. 


Approximation. As already stated the central idea in the Resistance 

Formula, is that the reciprocal of the yield l^j is the sum of several 

portions, each a function of one nutrient, like F (N), F' (K), etc., and 
that fact is here utilised in building up a series of expectations of yield. 
The measure of agreement of the expected yields with the observed 
yields would thus afford us a means to judge the accuracy of our 
hypothesis. 

It is first necessary to obtain crude values of the expected yields, 
that is, values obeying the Resistance Formula and approximate to those 
observed. The fourth powers of these crude expectations may then be 
used as weights in obtaining the improved fit. 
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Table III. Reciprocals of the yield (^ or x 


•1282 

•1294 

•1064 

•1049 

•1282 

•1114 

•09470 

•08969 

•1248 

•1090 

•09709 

•08606 

•1284 

•1110 

•09579 

•08104 

Means of 
rows (a) 

•1274 

•1152 

•09848 

•09042 

Moans of *1172 

columns (b) 

•1060 

•1042 

-1041 

•1079 (c) 

Table IV (a). 

Reciprocals of c 

ixpcetcd yields | 

(/l) built from the margins 


of Table 111 by the summation formula a + b — c. 


•1367 

•1255 

•1237 

•1236 

•1245 

•1133 

•1115 

*1114 

•1078 

•09659 

•09479 

•09469 

•09972 

•08852 

•08672 

•08662 


Table IV ( 

r). Values of m. 


7-315 

7*968 

8*084 

8-091 

8032 

8*826 

8*969 

8*977 

9-276 

10*353 

10*550 

10*561 

10*028 

11*297 

11*531 

11*545 


2 to- 

m) 2 =r 1*5331. 



Table IV (c). Values of m*. 





Sums of rows 

2,863 

4,031 

4,271 4,286 

15,451 

4,162 

6,068 

6,471 6,494 

23,195 

7,404 

11,489 

12,388 12,440 

43,721 

10,112 

16,287 

17,679 17,761 

61,839 

Sums of 24,541 
columns 

~ 37,875 

40,809 40,981 

144,206 


The margins in the next table (Table V) are built up by taking the 
weighted averages of the reciprocals in Table III row by row and column 
by column. The weights are taken equal to the corresponding values of m 4 , 
these being inversely proportional to the variances of the reciprocals in 
field trials, where the variance in yield is usually independent of yield. 
This set of weights makes the residual variance approximately a minimum. 
In the example from pot cultures (see Appendix II) where the variance 
increases with the value of the yield, the total variance becomes least 
when the weights are taken equal to the corresponding values of m 2 . 
The value *09958 (table V) is the weighted average of the 16 entries of 
Table III, and it provides a useful arithmetical check to obtain it from 
each set of marginal means in turn. This value *09958 has been subtracted 
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from the row margins to facilitate the arithmetic. The several values of 
^ ) in Table V are then obtained by adding the marginal values p s and q t . 


Table V. Reciprocals of expectations ^ 


>13993 

•12646 

>11029 

•10127 

•12652 

•11305 

•09688 

•08786 

•12483 

•11136 

•09519 

•08617 

•12295 

•10948 

•09331 

•08429 

•12731 

•11384 

•09767 

•08865 

9t 

•02773 
•01426 
- -00191 
-01093 

11200 

•09879 

•09710 

•09522 

1 -09958 


The values of m are calculated and thence the sum of the squares 
of the residuals 2 (y - m) 2 which is found to be 1-294. The drop in the 
value of 2 (y — m) 2 from the previous figure 1-5331 to 1-294 shows 
that the fit of the expected yields (w) to the observed values (y) has 
considerably improved by this process of weighting. 

The approximate values of the margins p s and q t are then improved 
with a view to making the sum of products of the weights and expecta- 
tions equal to the sum of products of the weights and the actual yields 
along rows and columns. The several corrections required are calculated 
as follows: 

Let a n , a 12 , a 21 , a 22 ...« 44 be the true reciprocals of expectations, 
x n , a; 12 , x 21 , x 22 ... x u the reciprocals of the observed yields, and 

w n , ?e 12 , w 21 ,w 2 , ... ^ 
the weights as used above; then 

w n a u + w 12 a 12 + w 13 a 13 + w u a u = w u x n + w 12 x 12 + w 12 x 13 + 

W; 41^'41 + t0 4 2«42 + ^43 r % W 44 (l H = W 41 X 41 + W 42 X 42 + ^43*43 + W 44 X 44 

along columns, 

and w n a u + w 2l a 21 + w 31 a 31 + w u a AJ = w n x n 4- w 21 x 21 + w n x zl 4 - w 41 z 41 

^14 a i4 + ^24^24 + W M (l M + '^U a 44 ~ ^14 J 14 + Wu X M + W M X S4 + W 44 X 44 

along rows. 

Suppose a st = p H 4- q t where p s and q t represent true marginal values; 
then by substitution we get the equations : 

(w n + w 12 + w 12 -f w u ) p 1 4- w u q x 4- w u q 2 4- + ^i4?4 

= S (w lt x lt ) } etc. along columns (4 equations) (I), 

and similarly 

(w n + w 21 4- w sl 4- w 41 ) ?i 4- + w 21 p 2 + w 31 p d 4- ^4i?4 

= S (w sl x 8l ), etc. along rows (4 equations) 


(II), 
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or 

l! 

■ Sq 

i" 

....(equations I), 

and 

S (w n x, i) s (w n p,) 
qi ~ S(w sl ) S (w A ) -• 

..(equations II). 


By inserting in equations (I) the values of q in the last table, we obtain 
a new series of p. Then from this new series of p we re-calculate the 
values of q by equations IT. 

The corrected values of p and q are now used to build a new table (VI) 
of reciprocals of expectations: 

Table VI. Table of reciprocals of expectations . 


< 1 * 


•13913 

•12633 

•12475 

•12287 

•02750 

•12575 

•11295 

•11137 

•10949 

•01412 

•10973 

•09693 

•09535 

•09347 

- -00190 

•10080 

•08800 

•08642 

•08454 

- *01083 

•11163 

" ~ 09883 ~ 

• 09725 ” 

-09537 



A table of weighted discrepancies between the observed and the 


expected values is then prepared by multiplying the differences 



by the weights used above. If the discrepancies are well distributed, 
the marginal totals ought to be very small compared to the individual 
values in the corresponding rows or columns as in Table VII. If however 
it is not so, the margins are further corrected as shown below and a 
similar table again calculated, when the condition for the fair distribution 
of discrepancies will be found to be more nearly fulfilled. 


Table VII. Weighted discrepancies between reciprocals 
of observed and expected values of yield. 


- 31-293 

+ 7-538 

+ 0-214 

+ 23-702 


+ -161 

+ 15-191 

- 9-405 

- 15-336 

+ 9-806 


+ -256 

- 24-655 

- 25-620 

+ 21-555 

+ 28-861 


+ 141 

+ 41*459 

+ 27-525 

- 6-364 

- 62-164 


+ -456 

+ 0-702 

+ 0038 

+ 0-069 

+ 0-205 


1-014 


Suppose e x , e 2 , e 3 , e 4 and f x -, f 2 , / 3 , / 4 are the corrections required in 
the values of p and q as determined from equations (I) and (II) in 
order to bring them as near the true expectations as possible. Then 
equations (I) can be written as 

Ki + Wn + + »h) (Pi + ej + w n (< h ! /,) + w n (q 2 + f t ) 

+ w i3 Oh + /s) + w u (q t +/ 4 ) = S (w lt X u ) - -702, 

S (m.'k) . t’i + u'nfi + w 12 f 2 -\- w 13 f a - j- w u f t — — '702. 


or 
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Assuming the set of margins q t to be correct, the values of /are taken to 
be zero, and in that ease 

- -702 . 

c i ~ ^ an d so on. 

& (w lt ) 

Similarly the equations (II) give 

S (w 8l ) ./i -f w n e x + w 2l e 2 + w sl e 2 + w 41 e 4 = - *161, etc., 

and the values of f are calculated from the values of e now determined. 
The values of the quantities e and / for the case in hand were found to 
be as follows: 

c, - -00003 | f, 0 


Applying these corrections, the new values for p and q (now denoted by 
p t and ( i t ) were obtained and therefrom tables for the reciprocals of 
expectations, the expectations and the weighted discrepancies between 
the observations and the expectations were calculated. 



Table VIII ( a ). 

Reciprocals of expectations 

;-)• 

•13910 

•12033 

•12475 

•12288 

9t 

•02750 

•12578 

•11295 

•11137 

•10950 

•01412 

•10970 

•09033 

•09535 

•09348 

-•00190 

•10083 

• 088 ( H ) 

•08042 

•08455 

-•01083 

•11100 

•09883 

•09725 

•09538 



Table VIII ( b ). Expectations (m). 



7- 184 

7-918 

8-013 

7-949 

8-850 

8-977 

9-107 

10-317 

10-488 

9-921 

11-364 

11-571 


2 ( y - m ) 2 - 

- 1 - 341 . 


Table VIII (c). Weighted discrepancies w ^ 


- 31-378 

+ 7-538 

+ -214 

+ 23-659 

+ 033 

+ 15-066 

- 9-405 

- 15-336 

+ 9-741 

+ •066 

- 24-877 

- 25-620 

+ 21-555 

+ 28-736 

- -206 

+ 41-156 

+ 27-525 

- 6-364 

- 62-341 

-•024 

- 033 

+ -038 

+ -069 

- -205 

-131 


In case the marginal values of the weighted discrepancies in Table 
VIII (c) are still found to be large, the fourth powers of the values of m in 
Table VIII ( b ) are taken as improved weights and the whole process 
repeated. This was found necessary in the case of the pot-culture data. 
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(b) Special Resistance Formula. 

It has been shown in the previous section that the reciprocal of the 
yield ^ can be built up by adding the two expressions F ( N ) and F' ( K ). 

y 

This section deals with the investigation of the approximate forms of 
these expressions. It appears from the analysis made in the succeeding 
pages that F ( N ) and F' (K) are within a sufficient degree of accuracy of 

the forms , T and , ak Tr . a n and a k vary with the nutrient and the 

crop and are therefore called importance factors: for they measure the 
importance of the particular nutrient to the crop manured. Possibly 
they would vary to some extent with the nature of the soil and weather 
conditions, but such variations are not evident in the data used for the 
present paper, k and n represent the available potash and nitrogen in 
the unmanured soil in terms of cwt. of sulphate of potash and sulphate 
of ammonia per acre. The values for these constants were determined as 
shown below. 

From special Resistance Formula: 


Pi = c + 


a. 


and p A - c -h r-r V~> 


k + K x ^ 7,4 1 k+K A 

K 4 — K a — I\ l k A 4 

(k + A'j) (k h K 4 ) ( Pl - p 4 ) ~ (L+ Al) ‘ a k 

-(HI), 


and from the values of p t given in Table VIII (a) we get: 


Table VIII (d). 


Manure (K t ) 

1 

2 

3 

4 

added in uwt. 

Total manure 



k a ~k< 

per acre 

(k + K t ) 

Pt 

Pt~P* 

; £ 

! 1 

0 

K + 0 

•11160 

•01628 

245*7 

1 

A r -f 1 

•09883 

•00345 

869-6 

2 

K + 2 

•09725 

•00187 

1069*5 

4 

K -t~4 

•09538 




We expect from the reasoning given in equation (III) that the values 
given in columns 1 and 4 of the above table when plotted ought to give 
a straight line graph. The point where this line cuts the sc-axis gives us 
roughly a measure of k, the potash manure available in the unmanured 
soil. The value of k is found to be equivalent to an added manure of 
0*8 cwt. of sulphate of potash per acre. From this approximate value 
of k the value of a k was calculated to be *0156. These values of k and 
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a k were used to prepare the next table (VIII (k)), the value of c in each 
case being obtained by subtracting the values in column 3 from those 
in column 2. 

Table VI II (e). 


1 2 3 4 5 6 



Pt 

a k 

k + K t 

c 

(t k 
c + , > 

k + A, 

((• — •09100 
approximately ) 

(ij, 

C + k,K t - p ‘ 

*8 

■11156 

•01950 

•09216 

•11050 

- *00116 

1-8 

•09883 

■00866 

•09017 

•09966 

+•00083 

2-8 

•09725 

•00557 

•09168 

•09657 

- *(X)068 

4-8 

•09538 

•00411 

•09127 

•09511 

- -00027 


Assuming the approximate value of c to be -09100, the values in column 5 
were obtained by adding this value to the corresponding values of 

i Uk Tr in column 3. 
k + K t 

The next problem is to fit the values in column 5 to the corresponding 
values obtained from the General Formula and given in column 2. The 
necessary corrections in the values of the quantities c, a k and k for the 
purposes of best fit were calculated by the method of least squares as 
follows: 

and a kJ k and c be an approximate solution; then the next approximation 
a -f a'\ k + k ", c 4 c" will be given by the equations 


Let Q 


4 

<---i 


c+ k+Kr v ' 


be the expression to be minimised, 


dQ _ dQ d*Q d 2 Q d 2 Q 

d(a k + a") da k da k 2 da k dk da k ac’ 


o = „„/7 = ll + «" - + + *" ^ + c 


dQ = dQ 
3 (k + k") die 

dQ dQ 


, a 2 Q 

3 n k dk 


dJQ d 2 Q 
dk 2 + dkdc’ 


, a .' VQ , W , c " d *Q 

a (C + c") 3c ^ a a k do dkdc dc 2 ’ 


where 


a Q 

da k 

dQ 

dk 

d 2 Q 

dk 2 



2m.’, 

k+K 



a k 

k + K t 



d 2 Q 

da k 2 


* 2m;, 

/ , (k + Kt) 2 


h 2w t a k 
i-i (*'+ K t ) 2 

*a j , 

,-i )(k + K t )^ 


( c + t+*x, r ‘ 


)• 


V ’t a k ( r . 

(k + K t ) 3 V^k+K, 
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t-kM'+rrK, 


Pt)> 


S- S (**>. 

dc 2 t , i 


S 2 Q 

da k dk 

d*Q 


4 

- 5 




2m>, 


, (* + K t r (k + K \Y \ 

and : 7. - - 8 


c + 


2 w, , f) 2 Q 


a k 

k + K t 

2w,a 


- Vi ). 


3a,Sc “ f r ! i + A< dcdk ~ ' , ! (/■■ f A\)* ' 

The evaluation of the quantities ^ and - etc. is facilitated 


by the preparation of a table like the following (VIII (f)): 




Table VIII 

(0- 





W t 

w t 

w t 

w t 

(U 

w t 

k 4 k + K l 

(* i- +) 2 

(k + K t ? 

<* + A'i)‘ 

- *00116 

24,541 

•8 30,676 

38,345 

47,931 

59,913 

+ •00083 

37,875 

1*8 21,042 

1 1,690 

6,494 

3,608 

- *00068 

40,809 

2-8 14,575 

5,205 

1,859 

664 

- -00027 

40,981 

4-8 8,538 

1,779 

371 

77 



74,831 

57,019 

56,655 

64,262 


The values of , f \ ^ , etc. are then substituted in the 
da k da k 2 da k d k 

equations derived from minimising the sum of the squares of the 
differences and the equations solved for a ", k" and c". The corrections 
a ", k" and c" were found to be — *0067, — -32 and --- *00179 respectively. 
The corrected values of a k , k and c therefore become *0089, *48 and 


•09279, and these are used to calculate the new values of p , i.e, c -f ^ 

best fitted with the values of p obtained from the General Formula. 
By an exactly similar process the values of the quantities a n , n and c f 
were determined from the values of q in Table VIII (a) and found to be 
•0986, 1*7275 and — *02771. The new values of q were then calculated 

from the relation q t = c' + — . These values of p and q were then 

2 n + N t 1 2 

used for building up reciprocals of expectations obeying the implications 

underlying the special Resistance Formula. These expectations are given 

in Table IX. 
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Table IX. (a). Reciprocals of expectations from special 
Resistance Formula ^ j . 


•14070 -12817 
•11077 -10724 
•11007 09754 
•10084 08831 


•12575 
•10482 
•095 J 2 
•08589 

• J2415 
•10322 
•09352 
•08429 

<h 

•02937 

•00844 

-•00126 

-•01049 

•11133 -09880 


•09038 

•09478 


Table IX (b). Expectations from special Resistance Formula (m). 

7- 10 

7-80 


7-95 

8-05 

835 

9-33 


9-54 

9-69 

9-08 

1025 


10-51 10-60 

9-92 

11 32 


1104 11-86 


2 (y-mf 2-3832. 

(c) Other data examined. 

Two more sets of data on potato crops were next examined. These were 
made available by the courtesy of the authorities of the Seale-Hayne 
Agricultural College. These two crops were sown and raised under almost 
the same conditions with the only difference that in the case of one the 
plots were uniformly manured with 10 tons of dung per acre, whereas 
in the other crop the plots were left undunged. Otherwise in both cases 
four plots were devoted to each treatment as in the experiment on 
Stackyard Field discussed in section 3 (a), and the doses of the sulphate 
of ammonia and sulphate of potash were 0, 1, 2 and 3 cwt. per acre. 
A close examination of the values of constants determined from these 
two sets of data reveals many points of great interest. Whereas in the 
undunged plots the addition of the potash manure had a slightly de- 
pressing effect (a k ----- — *0075), if any, the addition of dung made the 
same soil in a position to profit nearly three times (a k - - *0258) as much 
as in the case of Stackyard Field (a k — •0089). Similarly the import- 
ance of nitrogen to the crop when the Seale-Hayne soil was undunged 
(a n = -0788) was slightly less than that in the case of Stackyard Field, 
but with the dung added to the soil this importance of nitrogen (a n = *168) 
became nearly twice as much. The farmyard manure thus not only 
enriches the soil in the way of adding to it definite quantities of nitrogen 
and potash, but also changes the physical condition of the soil and makes 
it more susceptible to the advantages of adding further doses of artificial 
fertilisers. The differences between the values of n and those of k obtained 
from these two sets of data give us a measure of the nitrogen and potash 
made available to the plant by the addition of farmyard manure. This 
point is more fully dealt with in subsection (e). 
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Besides these sets of data in potato crops the yields of barley pot 
cultures grown by Dr Gregory at Rothamsted have been examined and 
the results embodied in Appendix II. This experiment was conducted 
to study the reaction of nitrogen and phosphatic manures. In the case 
of nitrogen 15, 45, 135, 405, 1215 mg. were added per pot, whereas in 
the case of P 2 0 5 the doses were 5, 15, 45, 135, 405 mg. per pot. The whole 
arrangement resulted in 25 different treatments. The value of a n is nearly 
eight times the value of a p showing the comparatively much greater 
importance of nitrogen in increasing the yields. Although the sand used 
for growing the cultures is washed free of nitrogen it is found to have 
available to the plant nitrogenous food equivalent to 13*947 mg. of 
nitrogen added in the form of the fertiliser. The source of this nitrogen 
and its value have been critically examined in subsection (e). That the 
sand is found to contain available plant-food equivalent to 16*4 mg. of 
P 2 0 5 does not require any explanation. 


(d) T ests of goodness of fit. 


It was shown in section 2 that the natural sequence of Mitscherlicb’s 
one-factor relation is to expect that the proportionate change in yield 
produced by varying the intensity of one factor is not influenced by the 
prevailing intensities of the other factors, and that this expectation is 
belied by both field experiments as well as pot cultures. Let us now 
examine the similar sequence of the Resistance Formula with a view to 
testing its agreement with the several data handled. The one-factor 


relation as obtained from the Resistance Formula is ^ — c + — — . 

y w + JV 

When the intensity of N changes to N', the corresponding yield y' is 
given by the relation -7 — c4- n The difference between the 

y n -jr 

• 1 1 
reciprocals of the two yields, i.e. , is independent of c or the 

y y 

influence of the other nutrients or prevailing conditions of the experiments. 
That this expectation is borne out by the experimental data will be seen 

from a perusal of the values of - - ~ obtained in Tables I (a) and (b). 

y y 


It can be easily shown that this relation leads us to expect that the 
yields wilbincrease with the increase in the quantity of the manure 
applied and that this rate of increase of yield falls down as the 
intensity of the manurial application becomes greater and greater. 
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Fit of the General and Special Formulae . 

The precise fit of these two formulae was however tested by the method 
of the analysis of variance as developed by Dr R. A. Fisher(S). In the 
Rothamsted potato data the general analysis for 16 treatments tested 


in quadruplicate in four randomised blocks 

gave : 


Differences 

Degrees of 

Sum of 



due to 

freedom 

squares 

Mean square 

Standard error 

Blocks 

3 

5*6307 

1*8769 



Treatments 

15 

130*2778 

8*6852 



Remainder 

45 

48*5053 

1*0779 

1-0382 tons 

Total 

03 

184*4138 




(s.E. of means of four =0*5191.) 



The test of any formula consists in the further analysis of the ]5 
degrees of freedom due to treatments into two parts representing the 
portion expressible in the type of formula tested and the residuum not 
so expressible. If the fit is good and the deviation from the formula 
may be regarded as due solely to chance, the mean square of this 
residuum will not be significantly larger than that due to field error, as 
found above from the 15 degrees of freedom. The General Formula 
involves 6 degrees of freedom leaving 9 for deviations from the formula. 
Similarly in the Special Formula after filling the four constants, the 
deviations from the Special Formula account for the remaining II degrees 
of freedom. The mean squares due to the deviations from the General 
and the Special Formulae, when compared with the mean squares due 
to parallels, show that the yields obtained from either of these agree 
very closely with the observed yields. The sum of squares corresponding 
to the 9 and 11 degrees of freedom were obtained by multiplying by 4 the 
values of the expression 2 (y — m) 2 calculated from the yields as expected 
from the General and Special Formulae, since the yields we have been 
using so far are based upon the means of four plots each. 

Analysis of Variance to show the residuum due to General 
and Special Formulae . 


Differences 

Degrees of 

Sum of squares 

Mean square 

due to 

freedom 

Parallels 

45 

48*5053 

1*078 

General Formula 

0 

9 

l2 t 9 m 130 ' 278 

20*819 

•596 

Special Formula 

4 

11 

“moo) 130275 

29*519 

1*109 


It is evident that there is no significant deviation from either the General 

or the Special Formula. 
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Standard errors of the constants . The standard errors of the values 
of a n , a k , n and k were evaluated by the method of maximum likelihood (5) 
as developed in Appendix I, where it is shown that 

w t * w t 

l (k + K t ) A 
Wt 


v K) 


; 4 

1 s 

I 

I 4 

| - s 

! t i 


4 

"£ (*+*«)* 


(k + K t f 


S(w t ) 

1- 1 


w 


w t 


w 


, i (k -f K,)* ' t. 1 (k + K t ) 


Wt 


4 

(* + A,)* 


1 

£ 




w;. 


and F (k) - 


4 

/?! A-f A, 

! f s' W( 
j t Ak l K,r 

/ i A + A, 


(A + A ( )< 
5 


t^(k + K t y 
tt’f, 


t 

i i k + K t 

'/*(* + a,)* 

<S w, 


i 

,?i * + A( 

4 

/S M>, 

1 


/> 


(where Z) is the denominator of the previous fraction). 

The calculation of the values of V (a k ) and V (k), and therefrom of 
a (a,.) and or (/■), was much facilitated bv preparing the following table: 


w t 

k + K t 

w,/k + K t 

W t f(k + K t y- 

w t /(k+K t r 

w t /(k+K t y 

24,541 

•48 

51,127 

106,514 

221,904 

462,300 

37,875 

1-48 

25,591 

17,291 

11,683 

7,894 

40,809 

2-48 

16,455 

6,635 

2,675 

1,079 

40,981 

4-48 

9,148 

2,042 

456 

102 

144,206 


102,321 

132,482 

236,718 

471,375 


The values of o (a k ) and o (k) are found to be *0129 and *597, which are 
rather too big and point out the necessity of more accurate data to 
evaluate the quantities a k and k. Similarly the values of a (a n ) and a (n) 
were found to be -0616 and -852 respectively. 


(e) Practical applications of the Resistance Formula . 

The yield curve obtained by the variation of one single factor can 
with more or less accuracy be represented by any number of algebraic 
relations, but all these suffer from the inherent weakness that the 
constants involved will only fit the particular experiment from which 
these have been evaluated. These constants are thus of no practical use 
since they cannot be applied to predict the yields in other experiments. 
Moreover no physical interpretation of these constants can be made. It 
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is here in its practical applications and the physical interpretation of 
the constants involved that the strengthof the Resistance Formula lies. 

The constants ti 9 k , etc. measure the soil fertility m respect of nitrogen, 
potash, etc. in terms of these manures applied, i.e. in cwt. of sulphate of 
ammonia or potash applied per acre. They do not measure the quantity 
of plant food present in the soil but what is of more immediate use, viz. 
the quantity of plant food actually available in the soil for the use of 
the plant. The difference between the two values of k obtained from the 
two sets of data from Seale-llaync (see Appendix II) comes out to be 
equivalent to nearly 1-2 cwt. of sulphate of potash per acre, which is 
equivalent to about 70 lb. of K 2 () per acre. Now these two experiments 
were carried out on similar soil in the same year with the only difference 
that in the case of one experiment ten tons of dung per acre were added 
as farmyard manure, while the other field was unmanured. The potash 
added through ten tons of dung is equivalent to about 112 lb. of K 2 () 
per acre (7), out of which 70 lb., or nearly 62 percent., becomes available 
as plant food the very first year. In the case of nitrogen, however, out 
of 110 lb. added to every acre through ten tons of dung only 2d lb. 
became available as plant food in the first year. This difference in the 
behaviour of potash and nitrogen added to the soil in ten tons of farmyard 
manure agrees very well with some experiments conducted in Germany (8) 
on the recovery of potash and nitrogen in potatoes (78 per cent, and 36 
per cent.). In the case of the more precise pot cultures (see Appendix II) 
the calculated values of p and n agree still more closely with the facts. 
From the analysis of the barley plant raised in the data referred to above 
it was estimated that when only 5 mg. of phosphoric anhydride were 
added to the pot about 26*1 mg. were recovered in the plant. This surplus 
of 21 *1 mg. must have come from the unmanured sand and is sufficiently 
near the figure l(r 4 mg. obtained by fitting the Resistance Formula to the 
yields as available phosphorus present in the sand before any manure 
was added to it, if we took into consideration that the standard error of 
p is about 3*2. Although the sand was washed free of nitrogen, during 
the course of the experiment a certain amount must have been added 
in the rain and the seed. For the months of March to August at Rotham- 
sted the average nitrogen in the rain is about 2 lb. per acre which is 
11 mg. to a 10-inch pot. The seed must supply very nearly 1 mg. each. 
Nine were sown but only three plants retained, the remaining six being 
in most cases at least eradicated. We may thus account for 11 mg. from 
rain and 3 mg. or a trifle more in the seed, against 13*95 mg. indicated 
by the Resistance Formula. This method of measuring the amount of any 
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nutrient available to the crop makes direct use only of the behaviour 
of the plant itself, whereas any laboratory method leaves a great deal 
of uncertainty as to the availability of the substances measured. It is 
believed that this method might prove to be of great value for the 
purposes of soil survey. 

The other set of constants a n , a k , a v , etc. seem to determine the 
importance of the manure to the crop or it may be the capacity of the 
crop to recover the particular manurial nutrient out of the soil. It is 
believed that these values depend upon the nature of the crop and the 
variety of the crop as well. Whether the nature or composition of the 
soil exerts any influence upon these constants cannot yet be investigated 
for want of suitable data. The values *098, *168 and *079 cwt. of sulphate 
of ammonia per ton of potatoes obtained for a n in all the three potato 
experiments seem to be quite as close to each other as the standard 
errors allow us to expect. They are also of the same order as the minimum 
nitrogen content of potatoes. Kellner gives nitrogen percentages down 
to 0*23, which is equivalent in our units to 1*20 lb. sulphate of ammonia 
per ton of potatoes under nitrogen starvation conditions. Similarly the 
value of a n from the barley pot culture (8*204) is pretty close to the mg. 
of nitrogen recovered per gm. of barley crop shown by the analysis of 
crop (about 7) under nitrogen starvation conditions. A similar agreement 
is found in the case of a v (1*1 3) with the amount of phosphorus expressed 
as P 2 0 per gm. dry weight in barley under phosphorus starvation con- 
ditions. The practical value of examining more fully the interpretation 
of these constants cannot be over-emphasised, for these would give us 
both the optimum value of a single nutrient for any crop as well as the 
“balanced manure ” in case of two or more nutrients for a particular 
crop and soil. An examination of the manner in which the standard 
error depends on the design of the experiment would help us in designing 
more accurate experiments and would thus enable us to determine the 
constants with greater precision. This knowledge might help us to find 
the most suitable levels of manures to be used in any experiment and 
might also throw some light on the possibility of an increase in accuracy 
being obtained by increasing replications at one level at the cost of 
another level. 


4. Summary and Conclusions. 

The study of the relation of plant-growth to environmental factors 
has led to much research directed to the elaboration of General Formulae 
expressing the quantitative response of the experimental plant or crop 
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to the quantity of the nutrients with which it is supplied. For variations 
of a single nutrient only many different mathematical expressions will 
serve to describe the facts to the accuracy with which these are usually 
ascertained by experiment; the practical value of such formulae is, 
however, much impaired if the parameters or constants which they 
involve change their value from experiment to experiment. If, on the 
contrary, we can obtain formulae of a general character which represents 
satisfactorily not only the response to variation of a single factor, but 
the response to simultaneous variation of two or more different factors, 
then we have reason to believe that the parameters of such formulae 
will not depend upon the casual or non-essential conditions of the 
experiment, but will be capable of direct interpretation as physical 
quantities. We have shown that the Resistance Formula does fit the data 
of several two-factor experiments and the agreement of the three values 
of a n determined from the three potato crops as well as the agreement 
of the difference in the values of k on a dunged and undunged plot with 
the potash expected to be available from the ten tons of dung shows that 
this expectation is so far justified. The parameters of the Resistance 
Formula are capable of a direct and definite physical interpretation; for 
each nutrient there are two constants ; one represents the importance of 
the nutrient considered to the crop concerned, and may be expected to 
vary from crop to crop and from variety to variety, and so to afford a 
direct comparison between varieties of their manurial needs, while the 
second represents the amount of nutrient available in the unmanured 
soil. The practical importance of this second parameter is also very great, 
for no chemical determination can be relied upon to evaluate the 
available nutrients, whereas this method renders it possible to evaluate 
this quantity directly by means of field experiments. 

It is shown (a) that it is possible to fit the Resistance F ormulae described 
above to experimental data involving the simultaneous variation of two 
factors by a sufficiently rapid method of approximation; ( b ) that in 
every case discussed the formula fits the facts within the limits of 
experimental error estimated from the experiments themselves, although 
formulae of other types fail strikingly to do so. This fact is strikingly 
borne out from the analysis of variance worked out for the several sets 
of data ; (c) that the parameters appropriate to each nutrient are therefore 
independent of the abundance of other nutrients and are capable of 
direct physical interpretation; ( d ) that even in the best experiments 
available the sampling errors are too large to allow of estimates of 
available nutrients to a desirable degree of accuracy, and that greater 
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precision is also to be desired in the importance factor. This will be 
possible not only by increased replication, but also with the same number 
of replicates by an adjustment of the amounts of manure employed as 
well as by unequal replication of plots with different amounts of manure 
depending upon the special requirements of the problem; ( e ) that these 
constants have great practical value in as much as a knowledge of these 
would enable us to determine the optimum value of a nutrient for any 
crop under a given set of conditions. The knowledge of these constants 
would also help us to recommend an economic and balanced manure 
containing two or more nutrients for a given crop and soil ; (/) it is worth 
mentioning here that if for certain crops a n could be taken as known 
from the composition of the crop (i) n could be determined with increased 
precision, (ii) would be determinate from single dose experiments, and 
(iii) it would be possible to try an improved type of special formulae, i.e. 


F (N) = 


a n 

n + N 


( n + N ) 2 ‘ 


Tt is not claimed, nor is it considered probable, that the formulae 
here? investigated represent exactly and in all cases the response of the 
crop to added nutrients. What is claimed is that the method is capable 
of supplying information of immediate importance both about soil and 
about varieties and that only by much increased experimental precision 
can we hope to exhaust its possibilities or to discover in what respects 
further improvement is possible. 


My best thanks are due to Dr R. A. Fisher of the Rothamsted 
Experimental Station, who suggested the problem, supplied most of the 
data and gave valuable guidance at every important stage. My thanks 
are also due to Dr Gregory of the Imperial College of Science and the 
authorities of the Seale-Hayne Agricultural College for kindly allowing 
me to make use of their data. 
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5. APPENDIX I. 


Standard errors of the constants : 
Maximum likelihood is given by 

1 „ 


L = - 2 CT 2 s (y - m f> 

where y and m stand for the observed and expected yields respectively. 


•• Sa = i^- m) Sa}’ 


8 1 2 L 1 

8 a 2 a* 


>{(£)■-(»-) a. 


1 „j/8m\ 2 . 8 2 m) 

= - {y ~ m) 8a 2 1’ 

1 8m „ 1 , / 8m \ 2 m 4 

” " — ■ Sa “ - M n + N “ d U) PTTAT' ' 

C "T“ \-r 

n + N 

The second term disappears, since the expectation of y equals m. Hence 
8 2 L 1 „ f /Sm\ 2 ] 1 „ m 4 
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1 _ 1 ' w 
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8 2 L 1 c , ( , . 8 2 m /8m\ 2 

Sn‘-^ S \- i!/ - m h»‘ + (u) 

1 8 m 0 


1 
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4 Jf 
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In the same way y^ = a2 S 
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If c and n were known a priori, the sampling variance of a would be j- 


but if c and n are determined from the observations ((>), 


F(a) = 


Ljin T J nc 


L* 


where 


8 2 L 

8a 2 ’ 


I J aa I J an 
f J an i J nn 


T §2i * 

Lm ~ 8a8n’ etC ‘ 


K 

L n 

Lr 


Substituting the values of L aa , L an , etc. we get 
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4 
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a 
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Similarly 

F(n) = 


Laa L a 
L nn L r 


Laa L t 


L a 


'an ^ ac 

L nn L nc 


etc. 


^ac ^nc L cc 


6. APPENDIX II. 


Potatoes (Kerr’s Pink), Stackyard Field, 1926. 
Average yield in tons per acre (?/). 

Cwt. per acre sulphate of potash 


Cwt. per 

0 

r 

0 

7-80 

1 

7-80 

2 

8-01 

4 

7-79 

here | 

1 

7-73 

8-98 

9-17 

9-01 

sulphate of 

I 2 

940 

10-50 

10-30 

10-44 

ammonia ' 

u 

9-53 

11-15 

11-62 

12-34 


Reciprocals of expectations from Special Resistance Formula • 


•14070 

•12817 

•12575 

•12415 

•02937 

•11977 

•10724 

•10482 

•10322 

*00844 

*11007 

•09754 

•09512 

•09352 

- -00126 

•10084 

•08831 

•08589 

•08429 

-•01049 

•11133 

•09880 

•09038 

•09478 1 
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Expectations from Special Resistance Formula (m). 


710 7-80 

7-95 

8-05 


8-35 9-33 

9-54 

9-69 


908 10-25 

10-51 

10-69 


9-92 11-32 

11-64 

11-86 


~ (y - 

w)» = 2-3832 



k =0-48 +060 

n = 

1-738 ±0-85 


a k = 0-0089 ±00129 

a n ~~ 

0-0986 +0-0616 



Decrees of 



Analysis of variance 

freedom Sum of squares 

Mean square 

Field error 

45 

48-510 

1-078 

General F ormula — Treatments 

6 

124-914 

20-819 


9 

5-364 

•596 


15 

130-278 


Special F ormula — Treatments 

4 

118-076 

29-936 


11 

12-199 

•866 


75 

130-275 



Potatoes (Seale-Hayne). (Dunged area, 10 tons of dung per acre.) 
Average yield in tons per acre (y). 

Cwt. per acre sulphate of ammonia 




0 

1 

2 

~3 

Cwt. per 

{ <> 

4-85 

6-18 

7-38 

7-37 

acre 

11 

5-19 

6-72 

7-82 

8-23 

sulphate 

l 2 

5-46 

6-81 

7-37 

7-95 

of potash 

u 

5-79 

7 01 

7-85 

9-00 


Reciprocals of expectations from Special Resistance Formula. 


•19810 

•16008 

•14281 

•13294 

•01179 

•18741 

•14939 

•13212 

•12225 

•00110 

•18355 

•14553 

•12826 

•11839 

- *00276 

•18155 

•14353 

•12626 

•11639 

- 00476 

•18631 

•14829 

•13102 

•12115 



Expectations from Special Resistance Formula (m). 


5-05 

6-26 

701 

7-54 

5-34 

6-70 

7-58 

8-19 

5-45 

6-87 

7-79 

8-45 

5-50 

6-96 

7-91 

8-58 


2) (u - m) 2 = -9910 in toms per acre 



= 776-94 

in ib. per plot 


k = 

= 1-13 +0-58 

n =r 1-66 

±0-40 

<*k = 

= 0-0258 ±0-0170 

a n =0-1689 

±0-0480 


Analysis of 

variance 

Degrees of 


Mean square 

(in lb. per plot) 

freedom 

Sum of squares 

Field error 


45 

19,260 

428 

General Formula 

— Treatments 

6 

59,712 

9,952 



9 

1,610 

179 



15 

61,322 


Special Formula- 

—Treatments 

4‘ 

11 

58,216 

3,102 

14,554 

282 



15~ 

61,318” 
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Potatoes (Seale-Hayne). (Undunged area, 1927.) 


Average yield in tons per acre (y). 

Cwt. per aero sulphate of ammonia 




r ' 

0 

1 

2 

> 

3 

Cwt. per 

1° 

3-20 

4-30 

413 

4-56 

acre 

|l 

3-83 

5-74 

7*40 

6*92 

sulphate 

) 2 

3-68 

511 

6*92 

6*91 

of potash 

! 3 

410 

5*64 

6*52 

6*86 


Reciprocals of expectations from Special Resistance Formula . 


*33420 

•25125 

•23207 

•22351 


•07578 

•24931 

•16763 

•14818 

•13962 


-00811 

•25470 

•17202 

•15257 

•14401 


- 00372 

•25606 

•17338 

•15393 

•14537 


- 00236 

•25842 

•17574 

•15629 

“14773 



Expectations from Special Resistance Formula \ 

(m 

). 

2*99 

3-98 

4-31 

4-47 


4*01 

5-97 

6* 75 

716 


3*93 

5-81 

6-55 

6-94 


3-91 

5-77 

6*50 

6-88 



S(y-m) a - 

1-4965 in tons per acre 




= 750*87 in lb. per plot 



k : 

- - *10 ±-09 

n = 

•57 ±‘22 



a k - 

- - *0075 ±-0064 


•0788 ±-0341 



Analysis of 

variance 

Degrees of 




(in lb. per plot) 

freedom Sum of squares 


Mean square 

Field error 


45 

14,549 


323-3 

General Formula 

— Treatments 

6 

55,298 


92160 



9 

1,726 


191-8 



15 

57,024 



Special Formula- 

—Treatments 

4 

53,920 


13480 


11 

3,103 


2730 



I? 

57,023 




Barley Pot Cultures, Rothamsted, 1927. 
Average yields in gm. (dry weight) per pot . 

Nitrogen, mg. per pot 




15 

45 

105 

405 

1215 


f 5 

306 

4-30 

11-33 

14-84 

1500 

PA in 

15 

3*36 

5-77 

12-44 

19-38 

17-88 

mg. per - 

1 45 

303 

6-34 

13-34 

22*41 

29-60 

pot 

1 105 

3-39 

6-64 

14-33 

36-30 

68-10 

[405 

3-60 

6-30 

14-63 

33-70 

86-40 


Reciprocals of expectations from Resistance Formula. 


•33967 

•19545 

•11136 

•07586 

•06296 

•04400 

•32278 

•17856 

•09447 

•05897 

•04607 

•02711 

•30514 

•16092 

•07683 

•04133 

•02843 

•00947 

•29418 

•14996 

•06587 

•03037 

•01747 

-•00149 

•28939 

•14517 

•06108 

•02558 

•01268 

-•00628 

•29567 

•15145 

•06736 

•03186 

•01896 
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Expectations from Resistance Formula (m). 


2-94 

512 

8*98 

13*18 

15*88 

3- 10 

5*60 

10*59 

16*96 

21*71 

3-28 

6*22 

13*02 

24*20 

35*17 

3-40 

6*67 

15*18 

32*93 

57*24 

3-46 

6*89 

16*37 

39*09 

78*86 


n =13*95 


p =16*36 



a n ~ 8*204 


= M31 

Mean square 

Analysis of 


Sum of 

Degrees of 

(mean of 

variance 

squares 

freedom 

6*24 pots) 

l /y'Sly-y)* 


3*3374 

142 

•00376 

General formula S (log y - log m) z 

0*0472 

16 

•00295 

Special formula S (log y - log m) 2 

0*0607 

19 

•00319 
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STUDIES IN CROP VARIATION. 

VI. EXPERIMENTS ON THE RESPONSE OF THE POTATO TO 
POTASH AND NITROGEN. 

By T. EDEN, M.Sc., and R. A. FISHER, Sc.D. 

(Rothamsted Experimental Station , Harpenden.) 

(With Four Text-figures.) 

In a previous paper (i) the authors have described in detail the design, 
statistical calculations, and advantages of a method of field experi- 
mentation which, on its theoretical side, is based upon the analysis of 
variance (2). The method is capable of expansion and elaboration in 
several directions, and the purpose of this paper is to put on record 
three further examples of experiments in which the new technique has 
been employed. 

As before, it has seemed to us best to present the details of this 
method in the form of an actual description of experiments themselves 
rather than as abstract examples. Such a procedure has in this case an 
added advantage since the three examples chosen follow one another 
logically, and were each the result of a realisation of both the limitations 
and the advantages of prior attempts. A consideration of these trials 
will, it is hoped, enable the experimenter to appreciate the advantages 
of planning his experiments so as not only to embody an agricultural 
question, but also to ensure the most accurate decision possible. 

When the time was opportune for applying in practice some of the 
advances in experimental method then available, two of the most 
important investigations being carried out in the field at Rothamsted, 
were concerned with 

(1) the qualitative aspect of potash manuring, 

(2) the interaction of potash and nitrogen. 

The crop selected was the potato, and it was to these investigations 
that the new methods were first applied. In the first two years the 
variety was “Kerr’s P inlr ” and in 1927 “Arran Comrade.” The quali- 
tative aspect of the investigation gave rise to a design which may be 
designated Type 1. 

Type I. 

The problem at hand was to design an experiment capable of dis- 
tinguishing the differential effects (if any) of potash applied as sulphate, 

* 14 
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muriate, and low grade salt (i.e. a sylvenite containing, in addition to 
potassium chloride, a high percentage of sodium chloride). There were 
thus three treatments, to which a fourth was added with no potash, 
this being in the nature of a safeguarding plot to ensure that an apparent 
equality in the efficacy of the three forms of potash was not in reality 
due to non-effectiveness and consequent lack of response. 

The necessity of a high standard of accuracy to distinguish between 
equivalent dressings of various forms of the same nutrient together with 
the smaller number of comparisons attempted, led to the adoption of 
the Latin square arrangement of plots. The principal features of the 
design have been described elsewhere (2) but may be repeated here. 

Each Latin square experiment contains as many replications as 
there are treatments. In each row and in each column of the square, 
each treatment occurs once and once only. It is in this respect that it 
is a square, for in actual shape it may vary from a true square to a 
rather pronounced rectangle. The actual allocation of the position of 
any treatment within its row or column is, apart from this one restric- 
tion, determined by chance. It thus follows that for a 4 by 4 Latin 
square, for instance there are 576 alternative arrangements. An actual 
experiment is a random choice from the total possible arrangements. 
Though not completely randomised with respect to plot arrangement, 
this design possesses complete randomness with respect to the elements 
of variation used in testing significance. Fig. 1 shows the actual arrange- 
ments employed during the two years of the trial. The details of the 
treatment are as follows : 

Basal manuring : Superphosphate 6 ewt. per acre ; sulphateof ammonia 
2 cwt. per acre. 

Potash in the form of sulphate, muriate or low grade salt: The 
equivalent of 2 cwt. per acre of sulphate of potash. 

1925 1920 




Fig. 1. Arrangement of two Latin squares with yields in lb. per plot. 
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Applying the analysis of variance to this arrangement it is possible 
to obtain a variance due to : 

(1) Treatment. 

(2) Position. 

(3) Random variation of parallels. 


Table I. Total yields (1925). 


Rows 


Columns 

Treatments 


1 1437 


1 

1612 

(O) No potash 

901 

2 1550 


2 

1526 

(S) Sulphate 

1735 

3 1521 


3 

1451 

(M) Muriate 

1088 

4 1493 


4 

1412 

(P) Potash manure salts 1677 


Table II. Analysis of variance (1925). 





Degrees 



Variance due to 


of freedom 

Sums of squares 

Mean square 

reatments : 






Potash v. no 

potash 


1 

119,700 

119,700 

Potash manures 


2 

475 

237 




— 3 

120,175 

40,058 

Rows 



3 

1,740 

580 

Columns 



3 

5,841 

1,947 

Parallels 



6 

1,995 

333 

Total 


15 

129,751 

— 


Table III. Total yields (1926). 


Rows 


Columns 

Treatments 


1 21010 


1 

20420 

(O) No potash 

1693*0 

2 18710 


2 

19320 

(S) Sulphate 

2036*0 

3 18120 


3 

19130 

(M) Muriate 

2003*5 

4 19740 


4 

18710 

(P) Potash manure salts 1965*5 


Table IV. Amlysis of variance (1926). 





Degrees 



Variance due to 

of freedom 

Sums of squares 

Mean square 

Treatments: 






Potash v. no potash 

1 

20,254 

20,254 

Potash manures 


2 

1,278 

639 




— 3 

21,532 

7,177 

Rows 



3 

12,055 

4,018 

Columns 



3 

3,989 

1,330 * 

Parallels 



0 

2,065 

344 

Total 


15 

39,641 

— 


The positional variance is here of the utmost importance since it 
can be calculated in two directions, as variance of the rows—i.e, vari 
ability from top to bottom, and variance of columns (variability from 
side to side). In this experiment the number of degrees of freedom 
assigned to each positional factor is three, and since any variation m 

14-2 
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column totals does not affect the variation in the row totals, the estimates 
of the variances of the two are independent, and for the purposes of 
elimination of positional variances are additive. In other words, a 
considerable amount more of positional variance can be taken out by 
using this arrangement as a Latin square than by using it merely as 
four blocks of four treatments. The actual magnitudes of the variances 
are given in Tables II and IV. 

One point may be mentioned here, which, although not demon- 
strated by these analyses, is sometimes likely to arise. Treated as a 
Latin square, the data provide six degrees of freedom for the estimation 
of error. If the variance of either rows or columns had been sacrificed, 
there would however have been not six but nine available, and the 
sums of squares corresponding to the rejected three degrees of freedom 
would have been absorbed in the remainder sums of squares. The 
question will sometimes arise as to whether the gain effected by elim- 
inating the sums of squares of either rows or columns will counter- 
balance the loss entailed by having three less degrees of freedom with 
which to estimate the random error. In both the examples given it will 
be seen that even though in 1925 the positional variance of the rows, 
and in 1926 that of the columns, was small, the error is reduced by 
eliminating them from the error calculations. But, in cases where this 
is not so, the fact that the Latin square gives a larger error than blocks 
with only a one directional variance, has sometimes been held to imply 
a disadvantage. This is not altogether a fair criticism. One of the merits 
of the method is the recognition that the arrangement of plots has a real 
effect upon error estimation, and it makes use of that kno#ledge. If it 
were possible to say beforehand that in one particular direction, owing 
to the absence of a large component of soil heterogeneity in that direc- 
tion, the positional variance was negligible, then it would be advan- 
tageous to use the simpler block arrangement. In point of fact, it is 
seldom, if ever, with annuals, possible to rely on such a contingency, 
even where a preliminary uniformity trial has been carried out, and the 
Latin square arrangement is adopted to make sure that the residual 
variance, on which hangs the precision of the experiment, shall not be 
inflated from either source. When, in this way, certain elements of error 
have been eliminated from the field results, the statistician has no 
choice but to eliminate them in his estimate of error. To include a 
portion of these because they make his estimate smaller would be to 
miss the point of making an unbiassed estimate. 

These experiments have one defect which in some cases may be 
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hard to overcome. The inclusion of the no-potash plot (for the reasons 
specified) does in a year of pronounced response to potash contribute 
very largely to the treatment variance. In applying tests of significance, 
particularly what is known as the z test, significance may be claimed 
for treatment as a whole which is really due entirely to the one degree 
of freedom potash versus no potash. A further analysis of the variance 
due to treatment by separating this component, as in Tables II and IV, 
will, of course, settle the point, but the need of this precaution, and the 
possibility of carrying it out, requires, at the present time, some em- 
phasis. 

The benefit of the elimination of the disturbing element of soil 
heterogeneity is clearly seen in Tables II and IV, if the positional vari- 
ance is amalgamated with the random variance as it would be if the old 
methods of designing field experiments were followed. Table V shows 
this advantage in terms of the standard error per cent., and of the 
precision figure based thereon. 

Table V. Advantage of eliminating a portion of the soil heterogeneity . 

Soil Soil 

variation With soil variation With soil 

eliminated variation eliminated variation 

Standard error % 2-4 3-8 1*9 4 0 

Precision 17 7 27 6 

In 1925 soil variation would have increased the error by more than 
50 per cent, and in 1926 by more than 100 per cent. The influence on 
the accuracy of an experiment which such an increase of error entails 
is shown by the figure for precision. This value is arrived at as follows. 
On a precision scale a 10 per cent, error, the approximate error of a 
single plot with many crops, is assigned the value 1 and a 1 per cent, 
error then has a precision value 100, this latter being the value at which 
with our present resources it is reasonable to aim. The precision index I 
will then be 

where a is the standard deviation of the mean yield of each treatment, 
and m is the mean yield of all. 

Type II. 

The Latin square form of experiment answered admirably for the 
foregoing qualitative distinctions between potash manures, but was 
unsuited to the investigation into the quantitative relationships between 
potash and nitrogen. 
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To serve any useful purpose, this had to include several increments 
of potash with corresponding increments of nitrogen combined in as 
many ways as the size of the experiment would allow. To have carried 
out an experiment involving so large a number of treatments in the form 
of a Latin square, would have been very wasteful of space and effort. 
Past a certain point with the Latin square the increase in replication 
does not bring about a decrease in error commensurate with the labour 
involved. There are indications that comparisons of more than seven 
treatments or varieties can be made more precisely with other arrange- 
ments. Accordingly, when in 1925 twelve treatments were contemplated, 
positional variance was eliminated by assigning each treatment to each 
of four similar blocks, the arrangement of which was substantially 
the same as that of the top dressing series previously referred to (l). 
Within the blocks, however, the arrangement of the plots was not a 
random one. 


M 

N 

C 

R 

D 

A 

491 

328 

340 

508 

388 

322 

L 

J 

Q 

P 

T 

S 

437 

217 

487 

464 

272 

516 

P 

S 

R 

C 

N 

M 

450 

464 

461 

320 

298 

482 

T 

I) 

A 

L 

Q 

J 

252 

352 

281 

438 

515 

315 

C 

P 

S 

M 

J 

N 

341 

439 

456 

466 

247 

344 

T 

L 

D 

R 

A 

Q 

22G 

393 

| 338 

519 

198 

501 

M 

A 

1 N 

P 

D 

T 

449 

191 

185 

472 

342 

234 

Q 

R 

J 

L 

C 

S 

461 

475 

157 

377 

298 

441 


Block I 


Block II 


Block III 


Block IV 


-Fig. 2. Quantitative experiment of 1925, yields in lb. per plot. 


The actual arrangement of the blocks as shown in Fig. 2 was deter- 
mined by the knowledge that there is a high correlation between ad- 
jacent plots. 

In 1926 a similair experiment was carried out (Fig. 3). The actual 
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treatments involved in these trials are shown in the following plan where 
the letters indicate the treatments employed. 




1925 





1926 


Sulphate of 

Sulphate of potash, cwt. 

Sulphate of 

Sulphate of potash, cwt. 

ammonia, 

r~ 


-A 

— ^ 

ammonia, 

r~ 


* 

cwt. 

0 

2 

4 

6 

ewt. 

0 

1 

2 4 

0 

A 

C 

D 

— 

0 

A 

B 

C D 

2 

J 

L 

M 

— 

1 

E 

F 

G H 

4 

N 

P 

Q 

R 

2 

J 

K 

L M 

6 

__ 

— 


S 

4 

N 

O 

P Q 


N 

J 

F 

A 

D 

O 

K 

A 

3320 

302-5 

383-0 

317-5 

439-0 

533-5 

544-5 

404-5 

K 

Q 

O 

D 

L 

B 

F 

N 

444-5 

568-0 

450-0 

381-5 

483-5 

308-0 

434-0 

468-0 

B 

C 

M 

L 

H 

P 

G 

E 

363-0 

368-0 

449-0 

471-5 

422-0 

500-0 

402-0 

318-0 

H 

E 

P 

G 

M 

Q 

C 

J 

447-5 

314-0 

527-0 

434-5 

504-0 

561-5 

356-0 

456-0 

A 

L 

J 

0 

P 

Q 

B 

E 

351-5 

495-5 

443-0 

383-5 

559-0 

550-0 

359-0 

395-5 

K 1 

B 

G 

O 

C 

H 

J 

O 

472-5 

367-5 

455-5 

502-5 

328 5 

390-5 

483-0 

512-0 

“1 

E 

F 

Q 

D 

N 

M 

A 

D 

357-5 

381-0 

531-0 

316-0 

522-0 

444-0 

325-0 

259-0 

N 

H 

P 

M 

F 

G 

K 

L 

385-5 

354-0 

496-5 

474-5 

410-5 

351-5 

430-0 

394-5 


Fig. 3. Quantitative experiment of 1926, yields in lb. per plot. 


It was realised that the 1925 experiment was inadequately designed 
with respect to the treatments included, and the distribution of plots 
within the blocks, consequently in 1926, by using every possible 
combination and a strictly random arrangement, the experiment was 
greatly improved. The analyses of variance are set out in Tables VI 
and VII and the plan of the arrangements in randomised blocks in 
Figs. 2 and 3. 


Table VI. Analysis of variance, 1925. 


Variance due to 
Treatment 
Blocks 
Parallels 


Degrees 

of freedom Sums of squares 
11 464,251 

• 3 22,030 

33 34,285 


Mean square 
42,205 
7,343 
1,039 


Total 


47 


520,566 
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Table VII. Analysis of variance, 1926. 

Degrees 

Variance due to of freedom Sums of squares 
Treatment 15 261,497 

Position 3 11,303 

Parallels 45 97,361 

Total 63 370,161 

The 1926 results call for some explanation. For an experiment in 
which care has been taken to reduce to a minimum disturbing factors 
contributing to error, the errors are disconcertingly high. This can be 
traced to the very small amount of positional variance which has been 
eliminated. The variance due to position is largely caused by soil hetero- 
geneity, as is also the random variance. The difference between the two 
lies in the fact that the former is due to systematic changes in fertility 
affecting whole blocks (inter-block variance), whilst the latter is sporadic 
in its incidence (intra-block variance). So long as the size of the block 
is such that the changes of fertility which must occur even in one block 
are systematic, the variation will be reflected in a large positional vari- 
ance which is all to the good. If, however, the blocks get so large that 
within the blocks there is local heterogeneity which is not systematic in 
incidence, such heterogeneity will increase the remainder or random 
variance. The question as to how much soil heterogeneity variance 
makes its appearance in the one or the other sections into which the 
analysis of variance is divided, depends entirely upon the inter-relation 
of plot size with block size and the type of soil heterogeneity encountered. 

In the present instance it would appear that as only some 10 per 
cent, of the sum of squares contributable by soil fertility variation is 
assignable to systematic changes, the blocks have been too large to 
fulfil their function. Greater replication of smaller blocks would have 
improved the experiment. 

It will be noticed that every experiment of this type really con- 
stitutes a sort of uniformity trial in addition to answering the normal 
agricultural purpose. From a number of experiments carried out on 
one field over a variety of seasons, a very much, fuller knowledge of the 
behaviour of the field is obtained than could be gained from a similar 
series of the older type. 

Type III. 

. The failure to realise the standard of accuracy desired in the 1926 
experiment led to further discussion of experimental design and the 
evolution of a further elaboration. The simple expedient mentioned 


Mean square 
17,433 
3,768 
2,164 
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above of increasing the replication in order to ensure greater accuracy, 
was not possible on the potato crop. To have done so would have brought 
the number of plots in potatoes above the number which could be 
successfully harvested in the interval between maturity and the onset 
of bad weather. More plots would have rendered lifting either impossible 
or at any rate unsatisfactory from the experimental point of view. Any 
improvement to be effected had to be accomplished without a large 
increase in plot number, because of this very practical and relevant 
restriction. The difficulty was overcome by amalgamating the qualitative 
and quantitative trials. In 1926, these two totalled 80 plots, a Latin 
square of 16, and 4 blocks of 16. In 1927, the two investigations were 
combined in an experiment of 81 plots. In order to do this the quanti- 
tative side had to be cut down to three increments of nitrogen and 
potash, but as will appear later there was a marked improvement of 
accuracy and a much greater fund of information available from the 
new design. 


4 0 
3335 

2 0 
379-5 
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Fig’ 4, Qualitative and quantitative experiment of 1927. 


The two numbers in the upper line represent the quantities of nitrogenous and potassic 
manures, the kind of the latter used being indicated by S for potassium sulphate in cwt. 
per acre, M for potassium ohloride containing equal amount of potassium, and P for the 
equivalent low grade salt. The lower numbers represent the yield in lb. of a plot of 
one*fortieth of an acre. 
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The quantities of potash and nitrogen are shown below : 

Equivalents of sulphate of potash, cwt. 

Sulphate of , A ^ 

ammonia, cwt. 0 2 4 


0 

0 

0 

0 

2 

0 

4 

2 

2 

0 

2 

2 

2 

4 

4 

4 

0 

4 

2 

4 

4 


and the arrangement in Fig. 4 where S, M, P indicate the source of the 
potash applied. 

These nine treatments constituted the block, and of such blocks there 
were nine in all. The potash had however to be divided out amongst 
the three kinds, sulphate, muriate and low grade; there being three 
plots receiving double and three single potash, one of each in each block 
were allotted to each kind. The manner of allotting these qualitative 
differences amongst the varying quantities of nitrogen requires detailed 
description. The actual position of a plot considered only as representing 
potash and nitrogen interactions was determined entirely by chance. 
The element of chance also operated largely in the disposition of the 
qualitative factor, but there was one restriction. The restriction pro- 
vided that any particular variety of potash manure should occur in the 
total of the nine blocks in conjunction with every amount of nitrogen 
three times. In every other way the distribution was at random. 

The amount of replication in this experiment varies with each factor 
or interaction of factors concerned. The number of independent com- 
parisons which can be made is thus summarised : 

Number of 
comparisons 

(1) Action of potash in varying quantites in combination with a 


standard quantity of nitrogen 27 

(2) Action of nitrogen in varying quantites with standard potash 

(quantitative) 27 

(3) Interaction of nitrogen and potash in every combination 9 

(4) Between kinds of potash 18 

(5) Differential response of kind of potash to quantity of potash 9 

(6) Differential response of kind of potash to quantity of nitrogen 9 

(7) Differential response of kind of potash to quantity of potash and 

nitrogen varying simultaneously 3 

(8) Elimination of soil heterogeneity 9 


The experiments of 1925 and 1926 gave information on sections 
1-4, sections 5-7 are additional information and the accuracy of the 
comparison between kinds of potash is enormously enhanced, there 
being now 18 comparisons in place of 4. 

The advantage of this type of survey experiment is, as has been 
pointed out, very great. For each comparison an appropriate error is 
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obtained with respect to which interpretation can be made. Considera- 
tion of the mean yields in conjunction with their appropriate errors 
shows how greatly improved is the standard of accuracy of the qualitative 
side of the trial. In 1925, although the means showed the apparent 
order of efficiency to be sulphate, muriate, low grade salts, even by 
taking the maximum difference sulphate versus low grade salts (a not 
entirely fair method), the differences were only probably significant and 
not completely so, and a similar state of affairs is seen in 1926 with 
respect to the greatest difference, muriate versus low grade salts. 

In the 1927 trial, a summary of which is shown in Table VIII, a much 
closer control is established and for double dressings the depression of 
the low grade salts is significant. The depressing effect of muriate rests 
as a probability and the results show that the effect is felt least where 
the dressings of nitrogen are high — i.e. where the manurial effect of 
potash would be more apparent. The sulphate appears to function 
normally at all values of nitrogen. 


Table VIII. Analysis of variance, 1927. 


Variance due to 
Potash and nitrogen 
Quality of potash 
Quantity v. quality of potash 
Blocks 
Error 


Total 


Degrees 

Sums of 

Mean 

of freedom 

squares 

square 

8 

49,905 

6,238 

2 

14,458 

7,229 

2 

1,005 

503 

8 

21,442 

2,680 

60 

33,919 

565 


80 120,729 


Average yield in tons per acre. 


Potash, 


Nitrogen, cwt. 

A 


Potash, kind 

A 


t 


f 



cwt. 

0 

2 4 

S 

M 

P 

0 

6-545 

7-061 7-158 

6-921 

6-921 

6-921 

2 

6-514 

7-532 7-357 

7-383 

7-164 

6-858 

4 

6-193 

7-215 7-435 7-348 

Standard error 0-141 ton. 

7-037 

6-458 


The analysis of variance shows that differences of decided significance 
have been obtained both on the quantitative and qualitative questions. 
The table of average yields shows (i) the responses to increasing dressings 
of nitrogen, not very large in absolute amount, but capable of fair 
quantitative estimation in an experiment of the precision actually 
attained, (ii) a decided response to the first dose of potash, but much 
less, if any, to the second dose, (iii) that the second dose, when all three 
kinds of potassic manure are considered together, is deleterious in the 
absence of nitrogen, but probably becomes beneficial when the total 
yield is stimulated by heavy nitrogenous dressings. 
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The table showing the three kinds of potash separately is of special 
interest in providing unequivocal confirmation of the conclusions in- 
dicated, but without sufficient statistical significance, by the earlier 
experiments; all levels of nitrogenous manuring are here thrown to- 
gether. With sulphate we have a decided increase from the first dose, 
and no appreciable decrease due to the second dose. With muriate the 
yield with double potash is about midway between those obtained with 
none and with single potash; while with a source of potash which con- 
tains much additional sodium chloride, the first dose has on the average 
no appreciable effect, while the second dose produces a decided loss of 
yield. 

If we contrast the yields at the same level of abundance of potash, 
we find sulphate beating muriate by 0*22 ton at the single level, and by 
0-31 ton at the double level; while it beats the potash manure salts by 
0*525 at the single level, and by 0*890 at the double level, the difference 
being two and one-half to three times as great. It is clear that we must 
interpret these results, not as due to any difference in availability of 
the potash, but as due to other effects, presumably the presence of 
chloride, which effect a quantitative depression of the yield nearly 
proportional to the quantity of chloride present. The use of no-potash 
plots designed to show that the crop is really ready to respond to avail- 
able potash, while essential if availability is in question, are quite 
superfluous for the examination of effects of this kind, which are most 
clearly seen with the second dose of potash, to which there is in the 
present experiment no appreciable response. 

Summary. 

The development is recorded of the series of experiments with potatoes 
at Eothamsted during 1925-27, designed to examine the quantitative 
response of yield to varying quantities of nitrogenous and potassic 
manures, and to test the relative value with this crop of different sources 
of potash. 

While, rather precise comparisons were obtained on the qualitative 
question by means of Latin squares in 1925-26, the reality of the depres- 
sion ascribable to chloride could not be demonstrated in these years, 
but became clearly apparent when in the following year, the qualitative 
experiment was merged with the quantitative one. 

In the earlier quantitative experiments, although satisfactory re- 
sponses were obtained, the precision of the results left much to be 
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desired, since only four replicates could be used. When by merging the 
experiments this was increased to nine replicates, much smaller re- 
sponses were clearly measurable. 

The large and complex type of experiment finally adopted thus 
supplied more precise information on both heads than could previously 
be obtained, and in addition to a more thorough exploration of the 
different combinations possible. 
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THE ESTIMATION OF YIELD IN CEREAL CROPS 
BY SAMPLING METHODS. 

By A. R. CLAPHAM, B.A. 

(Rothamsted Experimental Station, Ilarpenden.) 

(With Five Text-figures.) 

It has long been felt that the use of a reliable sampling method 
would be highly advantageous for the estimation of yields in experi- 
mental work with cereals. Experiments were made during the summer 
of 1928 with a view to determining the accuracy with which such 
estimates may be made, and to deciding on a satisfactory sampling 
technique. 

In all cases the number of samples taken from plots whose size 
varied from about one-seventeenth to one-fifth of an acre, was 30, each 
sample consisting of the total produce from a metre-length of a single 
drill. Each sample was tied with string and labelled on the field. Later 
it was weighed as a whole, after which the heads were cut ofl and 
threshed by hand. The grain was then weighed, and the weight 
corrected for moisture content, so that all calculations were based on 
dry weight. 

Two, and in one case three, sampling methods were tried. 

(а) The plots, all of which were narrowly rectangular in shape, were 
divided transversely into three equal parts, and ten samples were taken 
at random from each part. 

(б) Six sets, each of which comprised a succession of five contiguous 
metre-lengths, disposed symmetrically within the plot, were cut as 
samples, each metre-length being tied separately. A somewhat similar 
scheme — the “Rod-Row Method,” — has been adopted by American 
agronomists (i), and it was thought desirable to compare it with a method 
based on random sampling. 

(c) Six metre-lengths at equal intervals along the plot were cut 
from each of five drill-rows chosen at random. This scheme was only 
tried on one occasion, with wheat. Tables of the primary data will be 
found in Appendix I. 
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L RESULTS WITH BARLEY. 

These plots, of areas one-seventeenth to one-eleventh of an acre, 
and of three different varieties, were each sampled by methods (a) and 
(6) above. Total produce and grain were weighed for each metre-length, 
and results were calculated for straw as well as grain. 

The statistical technique known as the “Analysis of Variance” was 
devised by R. A.* Fisher, and first published in its complete form in 
1923(5). The principle of the method is that the total variation between 
the individual results in a set of data, if measured in terms of the sum 
of squares of deviations of these results from their general mean, may 
be analysed into a number of parts by the application of a well-known 
algebraic identity. This allows of the apportioning of fractions of the 
total sum of squares to various known causal factors, leaving a residual 
fraction due to unknown or uncontrolled factors. This latter fraction 
provides a logical basis for an estimate of the errors of an experiment. 
Fisher haa further shown that the mean value of the fraction ascribable 
to any factor — the “variance” — is obtained by dividing that fraction 
by the number of “degrees of freedom” on which it is based, where 
“degrees of freedom ” is used in the sense of “independent comparisons.” 
Thus between n quantities whose mean is fixed there are in general 
n — I independent comparisons or degrees of freedom. 

In the following pages the experimental results are treated in turn 
by this method. There are in all cases 29 degrees of freedom, since 30 
samples were taken from every plot. In Method (a), since each plot was 
divided into three parts, 10 samples being taken from each part, the 
total variance may be analysed into a portion representing differences 
between the mean yield of the parts, and a residue representing differences 
between metre-lengths within the same part. The former portion may 
fairly be eliminated as being due to differences in mean fertility between 
the parts; the latter is used for the estimation of experimental error, 
representing as it does variance due to smaller differences in fertility 
within each part, to errors of measurement of the metre-lengths, to loss 
of grain in threshing, to errors in weighing, etc., etc. In a precisely 
similar manner the variance of results of Method (6) may be divided into 
two fractions, one due to differences between 5-metre-lengths or “sets,” 
the other due to differences between metre-lengths within the same set. 
The former would be the basis of the estimate of error were the sets 
cut and weighed as wholes. 
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Analyses op variance of weights per metre-length, in grams. 
1. Variety “824.” 

Method (a). Random sampling . 



Degrees 

1. Grain. 

Sum of 

Mean 

Standard 

Fraction 

of freedom 

squares 

square 

error 

Blocks 

2 

2072-50 

— 

— 

Remainder 

27 

6491-48 

240-42 

1551 

Totai 

29 

8563-96 




Diminution* of variance = 18*59 per cent. 

Standard error of a single metre-length = 15*51 gm. 

15*51 

Hence standard error of mean of 30 = - 7— = 2*83 gm. 

Y <jU 

Mean — 47*29 gm. : hence standard error of mean = 5*99 per cent. 

2. Straw. 

Degrees Sum of Mean 


Fraction 

Blocks 

Remainder 


of freedom 
2 
27 


squares 

5068-27 

12331-93 


square 

456-74 


Standard 

error 

21-37 


Total 29 17400-20 

Diminution of variance = 23*88 per cent. 

Standard error of a single metre-length = 21*37 gm. 


Hence standard error of mean of 30 = 


21*37 

V30 


= 3*90 gm. 


Mean = 72*97 gm. : hence standard error of mean = 
Method (6). Systematic sampling: symmetrical method. 


5*35 per cent. 


a 

rrrm 


d 


f 


Fig. 1. Plan showing position of “sets” of metre-lengths in Method (6). 

1. Grain. 



Degrees 

Sum of 

Mean 

Fraction 

of freedom 

squares 

square 

Inter-set 

5 

1247-10 

249-42 

Intra-set 

24 

2350-75 

97-95 

Total 

29 

3597-85 

124-06 


Standard 

error 

(15*79) 


z 

0*476 


(11*14) 


Standard error of a single metre-length : 

(a) as calculated from whole sets = 15*79 gm. ; 

(b) as calculated from individual values = 11*14 gm. 

* See p. 230. 
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Hence standard error of mean: 


(a) = = 2*88 gm. = 7-20 per cent, of mean; 


(b) = "^ 730 " — 2-04 gm. = 5*10 per cent, of mean. 


It is interesting to note that, had the sets been cut as a whole, the 
standard errors would have been considerably overestimated, owing to 
the greater variability between than within sets. (Since the arrangement 
of the metre-lengths was systematic and not random, the standard 
errors obtained do not provide, in either case, valid estimates of the 
error of the mean.) 


2. Straw. 



Degrees 

Sum of 

Fraotion 

of freedom 

squares 

Inter-set 

5 

660008 

Intra-set 

24 

4570-83 

Total 

29 

11236*91 


Mean 

Standard 


square 

error 

“ 2 ” 

1333-22 

190-45 

(36-51) 

0*9730 

387-48 

(19*68) 



Standard error of a single metre-length : 

(a) as calculated from whole sets = 36*51 gm. ; 

(b) as calculated from individual values — 19*68 gm. 
Hence standard error of mean : 


(a) = = 6*67 gm. = 10*27 per cent, of mean; 

\ ul) u 


(b) = = 3*59 gm. = 5*54 per cent, of mean. 

Y oU 


As before there is a much higher variation between than within sets. 
The significance of this difference is easily found by R. A. Fisher’s “ 2 ” 
test. “ z ” is half the difference between the natural logarithms of the 
two variances, and its standard error depends only on the number of 
degrees of freedom on which the variances are based. Tables have been 
provided (4) showing the value of “ z 99 which must be attained for two 
different levels of significance, the 5 per cent, and the 1 per cent, points. 
If the 5 per cent, point of “ 2 ” is reached, it is to be understood that as 
great a difference between the two variances as was actually observed, 
would only occur by chance, from homogeneous material, once in 20 
samples. Taking the 5 per cent, point, then, as a convenient minimum 
level for significance, the difference here found is hardly significant in 
the case of the grain, but highly significant with straw. The 5 per cent, 
point of “z” is 0*4817, and the 1 per cent, point, 0*6799. 

Jo urn. Agrio Soi. ux 
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2. Variety “Spratt Archer 
Method (a). Random sampling . 



Degrees 

1. Grain. 

Sum of 

Mean 

. Standard 

Fraction 

of freedom 

squares 

square 

error 

Blocks 

2 

1195-27 

— 

— 

Remainder 

27 

6778-17 

261-04 

16-84 

Total 

29 

7973-44 




Diminution of variance = 9*70 per cent. 

Standard error of a single metre-length = 15*84 gm. 

Hence standard error of mean — = 2*89 gm. = 5*72 per cent. 

of mean. 



Degrees 

2. Straw. 

Sum of 

Mean 

Standard 

Fraction 

of freedom 

squares 

square 

error 

Blocks 

2 

2871-63 

— 

— 

Remainder 

27 

19112-13 

707-86 

26-61 

Total 

29 

21983-76 




Diminution of variance = 6*62 per cent. 

Standard error of a single metre-length = 26*61 gm. 


Hence standard error of mean = 


26*61 

V30 


= 4*86 gm. = 6*09 per cent. 


of mean. 


Method (6). Systematic sampling : symmetrical method. 

1 . Grain. 



Degrees 

Sum of 

Mean 

Standard 

Fraction 

of freedom 

squares 

square 

error 

Inter-set 

6 

1568-31 

313-66 

(17-71) 

Intra-set 

24 

4203-37 

175-14 

— 

Total 

29 

5771-68 

199-02 

(14-11) 


Standard error of a single metre-length : 

(a) as calculated from whole sets = 17*71 gm. ; 

(b) as calculated from individual values = 14*11 gm. 
Hence standard error of mean : 


(a) = 

(b) - 


17*71 

V30 

14*11 

V30 


= 3*23 gm. — 6*57 per cent, of mean; 
= 2*58 gm. = 5*24 per cent, of mean. 
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2. Straw. 



Fraction 

Inter-set 

Intra-set 

Degrees 
of freedom 

5 

24 

Sum of 
squares 
2852-58 
7864-37 

Mean 

square 

570-51 

327-68 

Standard 

error 

(23-89) 

0-2773 

Total 

29 

10716-95 

369-55 

(19-22) 



Standard error of a single metre-length : 

(a) as calculated from whole sets = 23*89 gm. ; 

(b) as calculated from individual values = 19*22 gm. 
Hence standard error of mean : 


23*89 


( 0 ) — y'gQ ~ 4*36 gm. — 6*95 per cent, of mean; 


19*22 


(6) = — 3*51 gm. = 5*59 per cent, of mean. 


Here, although the inter-set is greater than the intra-set variance, 
the difference is not great, and falls short of significance when tested by 
the “s’ 5 method. 



3. 

Variety 

“Plumage Archer .” 

Method (a). 

Random sampling. 

1. 

Degrees Sum of 

Grain. 

Mean 

Standard 

Fraction 

of freedom 

squares 

square 

error 

Blocks 

2 

2870-52 

— 



Remainder 

27 

9319-32 

345-16 

18-58 

Total 

29 

12189-84 




Diminution of variance = 17*89 per cent. 


Standard error of a singh 

Hence standard error of 

3 metre-length = 
18-58 

mean = ^ = 

18*58 gm. 

3*39 gm. = 

7*47 per ce] 

of mean. 

Fraction 

Degrees 
of freedom 

2. Straw. 

Sum of 
squares 

Mean 

square 

Standard 

error 

Blocks 

2 

13502-00 

— 

— 

Remainder 

27 

24293-65 

899-76 

30-00 

Total 

29 

37795-65 




Diminution of variance = 30*96 per cent. 

Standard error of a single metre-length = 30*00 gm. 


Hence standard error of mean = 


30*00 

V30 


= 5*477 gm. = 8*31 per cent. 


of mean. 


15-2 



220 Estimation of Yield in Cereals by Sampling Methods 


Method ( b ). 

Systematic 

sampling: 

symmetrical method . 



1 . 

Grain. 



Degrees 

Sum of 

Mean 

Standard 

Fraction 

of freedom 

squares 

square 

error 

Inter-set 

5 

5733-95 

1146-79 

(33-86) 

Intra-set 

24 

3845-30 

160-22 

— 

Total 

*29 

9579-25 

330-32 

(18-17) 


Standard error of a single metre-length : 

(a) as calculated from whole sets = 33*86 gm. ; 

(b) as calculated from individual values = 18*17 gm. 
Hence standard error of mean: 


(«) 

(b) 


33*86 

V30 

18*17 

V30 


= 6*18 gm. = 15*77 per cent, of mean; 
= 3*32 gm. = 8*46 per cent, of mean. 


2. Straw. 



Degrees 

Sum of 

Mean 

Standard 

Fraction 

of freedom 

squares 

square 

error 

Inter-set 

5 

7924-23 

1584-85 

(39-81) 

Intra-set 

24 

7661-56 

319-23 

— 

Total 

29 

15585-79 

537-44 

(23-18) 


Standard error of a single metre-length: 

(a) as calculated from whole sets = 39*81 gm. ; 

(b) as calculated from individual values — 23*18 gm. 
Hence standard error of mean: 


(a) 

(b) 


39*81 

■v/30 

23*18 

V30 


= 7*27 gm. — 13*78 per cent, of mean; 
= 4*23 gm. = 8*03 per cent, of mean. 


The 5 per cent, of “z” is 0*4817, and the 1 per cent, point, 0*6799. 
The significance of the difference between the intra- and inter-set 
variance therefore exceeds 1 in 100 both for grain and for straw. The 
effect of this is seen in the very much higher estimate of standard error 
obtained from whole sets as compared with individual metre-lengths. 
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H. RESULTS WITH WHEAT. 
Variety “ Red Standard” 
Method (a). Random sampling . 

1. Grain. 



Degrees 

Sum of 

Mean 

Standard 

Fraction 

of freedom 

squares 

square 

error 

Blocks 

2 

1502*55 





Remainder 

27 

8476*48 

313*94 

17*72 

Total 

Id 

10039*03 



Diminution of 

variance = 

= 9*31 per cent. 



Standard error of a single metre-length = 

17*72 gm. 


Hence standard error of 

17-72 

meaU "■ V30 “ 

3*24 gm. = 

8*08 per cent. 

mean. 






2. Straw. 




Degrees 

Sum of 

Mean 

Standard 

Fraction 

of freedom 

squares 

square 

error 

Blacks 

2 

1122*02 

— 

— 

Remainder 

27 

74295*45 

2751*68 

52*46 

Total 

2lT 

85524*47 



Diminution of variance = 

= 6*69 per cent. 




Standard error of a single metre-length = 52*46 gm. 

52*46 

Hence standard error of mean — 9*58 gm. — 8*72 per cent, 

of mean. 

Method (b). Systematic sampling: symmetrical method . 

1. Grain. 


z 

0*4044 



Degrees 

Sum of 

Mean 

Standard 

Fraction 

of freedom 

squares 

square 

error 

Inter-set 

5 

1469*41 

293*88 

(17*14) 

Intra-set 

24 

3141*50 

130*90 

— 

Total 

29" 

4610*91 

159*00 

(12*61) 


Standard error of a single metre-length: 

(a) as calculated from whole sets = 17*14 gm.; 

(b) as calculated from individual values as previous = 12*61 gm. 
Hence standard error of mean: 

( a ) = = 3*13 gm. = 8*09 per cent, of mean; 

y30 


(ft) 


12-61 

■y/30 


2-31 gm. = 6-96 per cent, of mean. 
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2. Straw. 



Degrees 

Sum of 

Mean 

Standard 

Fraction 

of freedom 

squares 

square 

error 

Inter-set 

5 

10036-45 

2007-29 

(44-80) 

Intra-set 

24 

18699-00 

779-13 

— 

Total 

29 

28735-45 

990-88 

(31-48) 


0-4732 


Standard error of a single metre-length : 

(a) as calculated from whole sets = 44*80 gm. ; 

(b) as calculated from individual metres = 31*48 gm. 

Hence standard error of mean : 

44*80 

(a) = - = 8*18 gm. = 9*04 per cent, of mean; 


(b) 


V30 

3148 

V30 


= 5*75 gm. = 6*35 per cent, of mean. 


In this case the differences between inter- and intra-set variances 
just fail to reach the 1 in 20 level of significance (“ z ” = 0*4817) for straw, 
and is smaller for grain. There is therefore little difference between 
standard errors based on the two variances. 

Method (c). Syste7natic sampling: Random Row method. 

1. Grain. 


1-4109 



Degrees 

Sum of 

Mean 

Standard 

Fraction 

of freedom 

squares 

square 

error 

Inter-row 

4 

21922-83 

5480-71 

(74-03) 

Intra-row 

25 

7154-37 

286-17 

— 

Total 

ll9 

29077-20 

1002-66 

(31-66) 


Standard error of a single metre-length : 

(a) as calculated from whole rows — 74*03 gm.; 

(b) as calculated from individual metres = 31*66 gm. 

Hence standard error of mean, as calculated from individual metre- 
31 *66 

lengths = - = 5*78 gm. = 11*33 per cent, of mean. 


V30 


2. Straw. 



Degrees 

Sum of 

Mean 

Standard 

Fraction 

of freedom 

squares 

square 

error 

Inter-row 

4 

92529-83 

23132-46 

— 

Intra-row 

25 

33452-49 

1338-10 

— 

Total 

29 

125982-32 

4344-22 

(65-91) 


1-4250 


Standard error of a single metre-length = 65*91 gm. 

65*91 

Hence standard error of mean = = 12*03 gm. = 9*67 per cent. 


of mean. 
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As the very high values of “ 2 ” indicate, the variation between rows 
has been very much greater than within rows. This was largely due to 
the fact that an edge-row was sampled, and exaggerates somewhat the 
danger of systematic sampling of this type. Partial choking of drill- 
coulters, nearness of rows to field-drains, and many other factors, do, 
however, tend to make rows as a whole differ widely from their neigh- 
bours, and add weight to the case for random sampling. 


RESUME OF RESULTS. 

The most important result that emerges is that with plots having an 
area of about one-sixteenth of an acre, a “ random sampling’’ method 
will provide an estimate of yield with a standard error of less than 6 per 
cent, when 30 samples of metre-length of drill are taken. This would 
indicate that with plots one-fortieth of an acre in area, the average 
standard error should be not more than 5 per cent. It is customary at 
Rothamsted to have experimental plots of about this area, and since 
the standard error of such plots arising from causes other than sampling 
errors has been shown to be about 8-10 per cent., the additional in- 
accuracy introduced by the use of the sampling method described, will 
be quite small. Thus a standard error of 8 per cent, is increased to 
9*4 per cent., and one of 10 per cent, only to 11*2 per cent, by the super- 
position of a further error of 5 per cent. 

As the figures for “ Percentage of variance eliminated” show very 
clearly, it is of great advantage to divide the area to be sampled into 
a small number of parts within each of which an equal number of 
samples is taken. By this means, and by the use of R. A. Fisher’s statis- 
tical technique, the Analysis of Variance, a substantial reduction in the 
standard error may be effected. 

Certain disadvantages of the systematic methods tried also stand out 
clearly. In the first place, the “rod-row” method used extensively in 
America is shown to suffer from the grave defect that the unit is often 
too coarse. This will be referred to later. Secondly, any attempt to 
reduce the labour of sampling by taking samples only from a small 
number of rows, whether these be chosen systematically or at random, 
is liable to lead to an increased estimate of error owing to the difference 
between rows as wholes — ix . to the greater variation between than 
within rows. On the one occasion on which the method was adopted, 
the intra-row correlation, easily calculated from the ratio of intra-row 
and total variance (see R. A. Fisher (4) p. 191), is + 0-6635, and highly 
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significant. This indicates that the location of samples was very far from 
random, and the validity of the estimate of error correspondingly 
prejudiced. 

Table of results. 

Barley 


Method (c) 
Systematic 
sampling 


Crop 

Variety 


Barley 

“824” 


Barley 

“Spratfc 

Aroher” 


Archer’ 


Wheat 

“Red 

Standard” 



Area 

0-06 acre 

0-06 acre 

A 

0-09 acre 

0-2 aore 



Grain 

Straw 

Grain 

r! 

1 

Grain 

Straw 

Grain 

Straw 

Method (a) 










Random 

Mean weight per metre in 

47-29 

72-97 

60-60 

79-75 

46-41 

66-94 

40-04 109-92 

sampling 

grams 

Standard error of mean (%) 

5-99 

6*36 

5*72 

6-09 

7-47 

8*31 

8-08 

8-72 

Method {h) 










Systematic 

Mean weight per metre in 

40-01 

64-91 

49-26 

62-78 

39-20 

52-74 

38-70 

90-44 

sampling: 

symmetrical 

grams 

Standard error of mean cal- 

7-20 

10-27 

6-67 

6-95 

16-77 

13-78 

8-09 

9-04 

method 

culated from whole sets (%) 










Standard error of mean cal- 

5-10 

6-54 

5*24 

6-69 

8-46 

8-03 

6*96 

6-36 


culated from individual 
metres (%) 


Mean weight per metre in — 
oumjuuig • grams 

“Random row” Standard error of mean {%) 
method 


— 6100 124-40 

- 11-33 9-67 


Discussion. 

Sampling methods have hitherto been employed on numerous occa- 
sions for estimating the yields of cereal plots, but in extremely few cases 
is it possible to gain any idea of the accuracy of the methods used. 
Perhaps the fullest available sets of data are those of Arny and Garber (l), 
and of Arny and Steinmetz(2) and it will be instructive to examine these 
in some detail. 


5 




1 


4 


2 



7 

3 

8 


6 




9 







Fig. 2. 


Amy and Garber employed the “ rod-row” method, cutting nine 
symmetrically disposed rod-lengths of drill from each plot, and com- 
paring the resulting estimates of yield with those obtained by harvesting 
the whole plots. The area of the plots was in all cases a tenth of an acre. 

The position of the samples was as shown in Pig. 1. 
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The yield was estimated not only from the mean of all the nine 
samples but also from four only (samples 2, 4, 7 and 8), and from five 
only (samples 1, 3, 5, 6 and 9). 

In order to obtain some idea of the additional errors introduced by 
sampling, the figures for “ Marquis” wheat grown at the Morris Sub- 
station, and for “ Haynes Bluestem” wheat grown at University Farm, 
St Paul, Minn. (Tables III and V in the original paper), have been 
grouped together, and an analysis made of the total variance. Of the 
sampling figures only those for nine and for four samples have been 
considered. 



5 

4 

3 

2 

1 


D 

□ 

□ 

□ 

□ 

10 

9 

8 

7 

6 


□ 

□ 

□ 

□ 

□ 



Fig. 3. 


Each of the two experiments involved 18 plots, there being six different 
treatments in triplicate. It is therefore possible to eliminate that portion 
of the variance due to treatments, thus obtaining a residual variance 
representing differences between plots similarly treated. 

1. Analysis of figures for total yields. 




Degrees 

Sum of 

Mean 

i log mean 

Standard 

Standard 

Fraction 


of freedom 

squares 

square 

square 

error 

error % 

Sets 


11 

160*23 

14*57 

— 

— 

— 

Remainder 


24 

116*73 

4*86 

0*7907 

2*205 

6*68 

Total 


35 

276*96 






2. 

Analysis of figures for nine rod-row samples. 




Degrees 

Sum of 

Mean 

$ log mean 

Standard 

Standard 

Fraction 


of freedom 

squares 

square 

square 

error 

error % 

Sets 


11 

399- 17 

36*88 

— 

— 

— 

Remainder 


24 

163*11 

6*796 

0*9583 

2*607 

7*63 

Total 


1£ 

562*28 






3. 

Analysis of figures for four rod-row samples. 




Degrees 

Sum of 

Mean 

J log mean 

Standard 

Standard 

Fraction 


of freedom 

squares 

square 

square 

error 

error % 

Sets 


11 

299*42 

27*220 

1*5513 

2*861 

8*54 

Remainder 


24 

196*50 

8*187 

— 

— 

— 

Total 


~35 

495-92 






The data of Arny and Steinmetz have been similarly treated. Here 
the sampling units were square yards instead of rod-rows. Their ar- 
rangement is shown in Fig. 3. 
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As before yields were calculated not only from the 10 samples from 
each plot, but also from 9, 8, 5, 4 from the centre, and 4 from the ends. 
Analyses were made of figures for total yields, for estimates from 10 
samples, and from 5 samples. Series II, III and IV, were grouped for 
this purpose. 

4. Analysis of figures for toal yields. 



Degrees 

. Sum of 

Mean 

£ log mean 

Standard 

Standard 

Fraction 

of freedom 

squares 

square 

square 

error 

error % 

Sets 

17 

229373 

134*925 

— 

— 

— 

Remainder 

36 

119*38 

3*316 

0*5994 

1*821 

6*62 

Total 


2413*11 





5 . 

Analysis 

of figures for ten square-yard samples. 



Degrees 

Sum of 

Mean 

4 log mean 

Standard 

Standard 

Fraction 

of freedom 

squares 

square 

square 

error 

error % 

Sets 

17 

1116*93 

65*702 

— 

— 

— 

Remainder 

36 

186*75 

5*188 

0*8232 

2*278 

9*80 

Total 

53 

1303*68 





6. 

Analysis of figures for five square-yard samples. 



Degrees 

Sum of 

Mean 

j log mean 

Standard 

Standard 

Fraction 

of freedom 

squares 

square 

square 

error 

error % 

Sets 

17 

1046*06 

— 

— 

— 

— 

Remainder 

36 

275*30 

7*647 

1*0172 

2-765 

12*01 

Total 

53 

1321*36 






The additional standard error per plot due to sampling may now be 
estimated for the values of the mean squares given above: 

9 rod-rows 3-67 per cent. . 

4 „ 5-32 „ 

10 square yards 7*23 „ 

5 ,, 10*03 „ 

The first three of these standard errors are fairly small, and, since 
a rod is roughly equivalent to 5 metres, of about the same order as those 
obtained in the random sampling method. It must be noted, however, 
that these estimates are subject to very large sampling errors, owing to 
the fact that they are calculated from the differences between variances. 

The standard error of the difference between two variances based 
on N degrees of freedom is given by the formula : 

*<* = \/jf ^ + °* ~~ 2r ° l4 *** CT 2 2 )’ 

where oq 2 , cq 2 are the two variances, and r a * is the correlation 
between them in samples. 



A. R Clapham 


227 


Now it has recently been shown by Wishart ((6) p. 43), that if p 1>2 
is the correlation between the two variates in the original population 
W <v> = P 2 x. 2> exactly. 

Then, substituting for the population parameters o^ 2 , a 2 2 , p 1>2 , the ob- 
served values $ x 2 , s 2 2 , r x 2 , which are the best available estimates, we have : 

s *= (V + s 2 4 - % r \Wh 2 ) 

is in each case the residual correlation between the estimates of yield 
obtained by the two methods — i.e. the correlation calculated from the 
“ Remainder” variances and covariances 1 . The covariances must there- 
fore be analysed in precisely the same manner as the variances, before 
the correlation coefficients can be obtained. 


(a) Total yields and 9 rod-rows. 

Correlation 

Fraction Covariance coefficient 
Sets 150-733 + 0-5960 

Remainder 89-056 + 0-6464 

Total 239-789 +0-6076 


(6) Total yields and 4 rod-rows. 

Correlation 

Fraction Covariance coefficient 

Sets 154-669 +0-7061 

Remainder 105-855 + 0-6989 

Total 260-524 +0-7030 


(c) Total yields and 10 square yards. 

Correlation 

Fraction Covariance coefficient 
Sets 1528-066 +0-9547 

Remainder 88-286 +0-5913 

Total 1616-352 +0-9113 


(d) Total yields and 5 square yards . 

Correlation 

Fraction Covariance coefficient 
Sets 1451-438 +0-9370 

Remainder 106-399 + 0-5869 

Total 1557*837 +0-8724 


Using the underlined correlation coefficients, the following results 
are obtained for the accuracy of the difference between the residual 
variances : 

(а) 1-932 ± 1-878, 

(б) 3-324 ± 2-077, 

(c) 1-872 ±1-199, 

(d) 4-331 ± 1-699. 

Hence only the last can be said to differ significantly from zero, and 
in no case is the value of the sampling error established with any ap- 
proach to certainty. 

The same result may be arrived at more simply by the use of It. A. 
Fisher’s transformation, by means of which the significance of a 
difference between variances may be tested directly. 

1 The “oovarianoe” is the average value of the sum of produots of deviations from 
the mean, and is obtained by dividing that quantity by the appropriate number of degrees 
of freedom. 
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1. Arny and Garber’s data. 


Total yield and 

9 rod-rows 

Total yield and 

4 rod-rows 



2 ” 01676 

0-2606 

0-3425 

0-4890 

2. Arny and Steinmetz’ data. 


Total yield and 

Total yield and 

5 % point 
of “ 2 ” 

1 % point 
of “ 2 ” 

10 square yards 

6 square yards 

2 ” 0-2238 

0-4178 

0-2596 

0-3702 


Here again only the last result attains even the 5 per cent, point of 
“z” — i.e. only in the last case would such a difference between variances 
occur as infrequently as once in 20 samples from a homogeneous popula- 
tion. This confirms the conclusion that little reliance can be placed on 
the calculated values of the errors due to sampling, and illustrates in a 
striking manner one of the great disadvantages of a systematic as com- 
pared with a random sample. A random sample gives a direct estimate 
of the errors due to sampling, an estimate, therefore, of far greater 
accuracy than the indirect estimate obtained as above. It is of great 
importance that such an estimate should be arrived at, since the im- 
provement of experimental technique depends on a knowledge of the 
causes of inaccuracy. Data such as those of Arny and Garber do not 
distinguish adequately between errors due to insufficient replication, 
and errors of sampling within the plots. If the main sources of error 
were the former, the taking of a greater number of samples from each 
plot would do little towards increasing the accuracy of the experiment, 
and vice versa. 

The only manner in which direct estimates of the sampling error of 
a systematic method can be obtained, is by making a series of observations 
in which at least duplicate sets of samples are taken from each plot. 
These sets must further be such that they form a random sample from 
the whole population of possible sets. Only under these circumstances 
can a valid estimate of error be made. Hence there is the initial con- 
dition that such a population exists, for if it does not exist, no random 
sample can be made from it, nor can a standard error be calculated. In 
the present instance it is very difficult to see how such populations can 
be constructed. It is, however, possible, to devise systematic methods 
which do admit of the calculation of a valid standard error. The method 
used by Engledow(3), is a case in point. Here, in one variant of the 
method, 1-ft. samples are cut as in Fig. 4. 

A B represents the width of the area to be sampled and is measured 
parallel with the drill-rows. 1, 2, 3 ... represent the 10th, 20th, 30th ... 
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drill rows. Samples are taken successively from these rows, there 
being a constant lateral shift from sample to sample. When a complete 
traverse of the area has been effected, a fresh start is made from the far 
side, as on the 70th drill-row in the figure. 

If n samples are taken in passing from side to side of the area, there 
may be considered to be n possible starting-points along the base line AB. 
It would then be possible to get a valid estimate of error by taking 



sets being chosen at random from among the n possible points. Thus in 
one of the areas, the samples might be taken as in Fig. 5. 

A systematic arrangement, such as that of Engledow, samples the 
area very effectively, but it can scarcely be maintained that this ad- 
vantage outweighs the disadvantage that the samples do not in them- 
selves yield an estimate of their standard error, as would be the case 
with, a random sample. Thus it should be noted that n separate sets of 
systematic samples would be required to yield the same information as 
to sampling errors as a single set of n samples distributed at random. 
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This is true whatever the number of samples in the systematically 
arranged set. It can be ensured moreover that the random method does 
sample the whole area, by dividing the area into a number of sub- 
divisions. Then if the same number of samples is taken from each part 
of the area, there is secured both an effective distribution of samples, 
and an arrangement which permits of the elimination of that portion 
of the total variance which is due to differences in the mean fertility of 
the subdivisions of the area. This is, of course, equally possible with a 
systematic method, but although the necessary statistical technique — 
the Analysis of Variance — has been available for some years, no such 
use has previously been made of it. 

The advantage to be gained by the subdivision of the area to be 
sampled has already been referred to. It may be useful, however, to 
collect the figures which bear on the point. Below are given the per- 
centages of the total variance which are eliminated as being due to 
difference in soil fertility over subdivisions of the areas sampled, and 
which, consequently, represent percentage reductions of the variance on 
which the standard errors are based. 

% reduction in variance 


Crop 

Variety 

Grain 

Straw 

Barley 

“824” 

18-59 

23-88 

“Spratt Archer” 

9-70 

6-62 


“ Plumage Archer ” 

“ Red Standard ” 

17-89 

30-96 

Wheat 

9 31 

6-69 


It will be seen that in no case is less than 6*5 per cent, of the variance 
removed by this procedure, the mean reduction being 15*46 per cent. 

With regard to the size and nature of the sampling unit, our results 
show conclusively that the rod-row is too coarse a unit. The significant 
intra-class correlations obtained when separate weighings are made of 
the five metre-lengths in each sampling unit of method (6), are as shown 
below : 

Intra-class correlations 
(where significant) 


Crop 

Variety 

t A 

Grain 

> 

Straw 

Barley 

“824” 

' — 

+ 0*7906 


“Spratt Archer” 



, 

tt 

“Plumage Archer” 

+0*6886 

+0-3856 

Wheat 

“Red Standard” 

— 

+ 0 1860* 


* p = about 0*053. 


Except where otherwise stated the level of significance has been 
taken as p = 0-050, where p is the probability that so high a value could 
be obtained by chance. 
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These figures indicate that there has been a considerable loss of 
information over that provided by the same number of metre-lengths 
arranged at random over the area. In certain other investigations by 
the author it has even appeared that the metre may be too long, signi- 
ficant correlations having been obtained between successive half-metre- 
lengths of drill. In view of this experiments were tried with a dissected 
4-ft.-length, each foot being separated from its neighbour by 2 ft. of 
unsampled corn. No significant intra-class correlations were obtained 
with this method, even when “ neighbouring ” foot-lengths were compared. 
Engledow uses the foot-length as his unit, and points out that smaller 
lengths would be impracticable owing to the increased importance of 
end-errors. There being no intra-class correlation between the parts of 
a dissected 4-ft. -length, it is better to use 30 of such units rather than 120 
separately located l-ft.-lengths, since the location of each of the former 
units fixes 4 ft. at once, thus reducing the labour involved in sampling. 

What has been said of using the rod-row as a unit will be equally 
true of the square yard. In fact it seems highly probable that the loss 
of information would be even greater in the case of five metres lying side 
by side than if they were end to end. 

In conclusion, I wish to thank I)r R. A. Fisher of this Station for 
valuable criticism and advice; and Messrs H. J. Johnson and T. W. 
Simpson of Armstrong College, for carrying out almost the whole of 
the experimental work. 

Summary. 

1. Cereal plots were sampled by three different methods; two 
systematic, and one involving a random location of sampling units. 

2. The disadvantages of the systematic methods as compared with 
random sampling, emerged clearly. 

3. These disadvantages were further emphasised in an analysis of 
earlier data on sampling methods. For this purpose the methods and 
results of certain recent contributions to statistical theory were used. 

4. By the use of a random sampling method, the variance due to 
sampling errors may be made a satisfactorily small fraction of the total 
variance of cereal plots one-fortieth of an acre in area. 
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APPENDIX I. 

Tables of primary data. 

(The figures are in grams per metre: the grain figures in grams of 
dry weight per metre.) 


I. BARLEY. 

1. Variety “824.” 
Method (a). Random sampling. 


Block A Block B Block C 

A A A 


r 

Grain 

Straw 

Grain 

V 

Straw 

Grain 

Straw 

28-47 

61-3 

56-18 

90-5 

22-56 

343 

78-83 

101-7 

64-04 

95-2 

41-99 

62-3 

93-87 

137-9 

45-96 

62-6 

14-45 

37-9 

35-40 

58-1 

55-17 

88-7 

28-90 

50-8 

53-31 

51-9 

69-62 

127-6 

3304 

50-9 

55-34 

73-5 

36-08 

79-3 

27-88 

63-0 

65-99 

35-9 

54-07 

84-0 

41*99 

53-3 

44-61 

72-2 

35-74 

78-7 

49-09 

81-9 

61-42 

86-3 

47-82 

92-4 

45-37 

63-3 

29-40 

50-2 

50-53 

90-2 

51-45 

73 1 

546-64 

729-0 

515-21 

889-2 

356-72 

570-8 


Grand total 

_a 

Grand mean 

K 



< 

Grain 

-\ 

Straw 

Grain 

> 

Straw 



1418-57 

2189-0 

47-286 

72-967 


Method ( b ). 

Systematic sampling : s 

ymmetrical method. 


Set a 

Set b 

A 

Sot c 



Set d 

A 

Set e 

Set / 

A 

r N 

Grain, Straw 

Grain Straw 

r ^ ( ^ 

Grain Straw Grain Straw 

r ' 

Grain Straw 

r 

Grain Straw 

13-10 23-5 

22-73 37-1 

35-82 60-6 

41-15 63-3 

43-85 45-1 

37-68 62-4 

34-81 45-8 

34-98 51-6 

47-91 86-3 

53-40 85-8 

52-89 82-4 

28-98 50-7 

36-67 59-6 

28-22 39-6 

27-97 67-9 

38-61 68*3 

58-38 94-9 

40-89 69-6 

44-36 34-1 

46-89 61-5 

44-19 77-7 

57-96 92-4 

47-23 80-1 

44-35 68-5 

31-78 58-5 

24-76 37-7 

58-21 88-1 

49-51 93-4 

29-57 85-0 

43# 75-7 

160-72 221-5 

157-58 227-5 214-10 380-6 

240-63 403-2 

231-92 387-5 

195-24 326-9 


Grand total 

K 

Grand mean 



r 

Grain 

N 

Straw 

< 

Grain 

Straw 



1200-19 

1947-2 

40-006 

64-0tf7 
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2. Variety “ Spratt Archer.” 
Method (a). Random sampling. 


Block A Block B Block C 

^ * A 


t 




* 

f -A_ 

— ..... - . . 

Grain 

Straw 

Grain 

Straw 

Grain 

Straw 

63*84 

122*4 

80*94 

117*8 

62*01 

86*7 

62*40 

108*2 

47*12 

70*5 

43*41 

65*2 

34*06 

69*0 

78*57 

109*8 

42*05 

61*9 

41*73 

80*3 

37*30 

39*9 

51*40 

73*1 

35*24 

645 

61*38 

82*5 

35*16 

55*6 

48*95 

79*2 

68*67 

109*3 

51*40 

68*1 

30*49 

61*5 

79*75 

119*3 

34*14 

54*9 

85*30 

162*3 

57*50 

64*4 

57*66 

81*2 

48*55 

69*7 

34*45 

95*5 

36*51 

50*9 

23*68 

65*1 

48*39 

40*9 

35*80 

62*8 

474*24 

882*2 

594*07 

849*9 

449*54 

660*4 


Grand' total 

A. 

Grand mean 

A 



( 

Grain 

Straw 

t 

Grain 

Straw 



1517*85 

2392*5 

50*595 

79*75 


Method (b). 

Systematic sampling: symmetrical arrangement. 


Set a 

A 

Set b 

A 

Set c 

Set d 

A 

Set e 

Set / 

r \ 

Grain Straw 

r 

Grain Straw 

r "■ 11 a 

Grain Straw 

Grain Straw 

t K ^ 

Grain Straw 

Grain Straw 

63*87 74*4 

27*80 27*1 

51*71 68*8 

52*97 85*3 

59*14 70*0 

48*24 59*9 

19*86 25*5 

47*90 51*3 

53*82 63*3 

40*89 56*6 

46*55 55*9 

36*10 64*2 

34*81 45*8 

29*82 39*7 

60*66 66*2 

48*58 57*5 

57*96 85*4 

83*39 99*3 

44*10 102*8 

47*48 51*8 

45*79 58*8 

62*61 49*9 

63*11 77*3 

49*93 61*9 

32*95 49*0 

53*23 62*0 

29*99 34*5 

53*74 71*4 

52*97 71*3 

77*31 96*5 

195*59 297*5 

206*23 231*9 

241*97 291*6 

258*79 320*7 

279*73 359*9 

296*03 381*8 


Grand total 

-A 

Grand mean 

A 



r 

Grain 

Straw 

Grain 

Straw 



1477*34 

1883*4 

49*245 

62*780 



3< 

Variety “Plumage Archer” 


Method (a). 

Random sampling. 




Block A 

A . 

BlookB 

A 

Block C 

A 

Grain 

\ 

Straw 

t 

Grain 

> 

Straw 

r 

Grain 

Straw 

21*15 

34*3 

75*70 

109*4 

45*62 

50*0 

49*34 

77*7 

37*94 

48*1 

32*28 

31-8 

74*53 

118*9 

49*93 

61*9 

8*79 

11-0 

76*03 

124*0 

66*10 

67*6 

22*56 

29*3 

93*77 

167*6 

62*35 

87*2 

23*83 

33*8 

54*33 

90*4 

67*25 

91*4 

10*14 

22*9 

21*62 

28*7 

62*10 

86*5 

36*67 

40*6 

65*97 

119*7 

31*35 

48*9 

48*07 

60*1 

43*87 

85*6 

41*57 

56*8 

42*08 

48-2 

23*21 

53*7 

38*36 

35*6 

39*71 

50-0 

523*82 

900*6 

522*65 

693*4 

315-75 

384-3 


Grand total . 

Grand mean 



Grain 

Straw 

Grain 

Straw 



1362*22 

1978*3 

45*407 

65-943 
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Method (b). Systematic sampling: symmetrical method. 


Set a Set b Set c Set d Set e Set / 

—A A A, A A A 


r 


f " 



^ " 

^ ^ 

f * 

— ■ M 

f 

" 1,1 1 ■■ ■■■ " ^ 


s — ■ ■— ^ 

Grain 

Straw 

Grain 

Straw 

Grain 

Straw 

Grain 

Straw 

Grain 

Straw 

Grain 

Straw 

45-79 

53-8 

37-26 

37-9 

41-15 

50-3 

33-46 

56-4 

43-77 

58-2 

28-30 

55-5 

22-98 

37-8 

22-64 

38-2 

71-99 

90-8 

34-98 

32-6 

56-61 

62-0 

24-25 

50-3 

31-77 

35-4 

29-32 

42-3 

75-87 

102-2 

51-79 

71*7 

36-67 

55-6 

14-28 

20-1 

27-54 

38-4 

30-75 

44-6 

83-90 

112-7 

67-59 

91-0 

32-53 

44-5 

6-17 

9-7 

22-31 

22-6 

34-39 

44-3 

42-58 

53-6 

37-60 

53-5 

58-04 

71-3 

29-66 

44-9 

150-39 

188-0 

154-36 

207-3 

315-49 

409-6 

225-42 

305-2 

227-62 

291-6 

102-66 

180-5 




Grand total 



Grand mean 

A 






Grain 

Straw 

( 

Grain 

Straw 



1175-94 

1582-2 

39-198 

52-740 




II. WHEAT. 

0 




Variety “Red Standard . 

>> 


Method (a). 

Random sampling. 




Block A 

A 

Block B 

Block C 

Grain 

Straw 

Grain 

Straw 

r 

Grain 

Straw 

26-50 

66-1 

36-98 

107-7 

47-85 

154-8 

37-14 

91-5 

37-29 

111-3 

120-10 

344-4 

30-49 

74-0 

42-14 

139-1 

51-06 

147-7 

37-14 

105-5 

34-56 

87-8 

45-74 

125-5 

52-39 

129-0 

35-11 

88-1 

47-23 

110-6 

36-04 

93-9 

41-44 

110-0 

17-98 

62-0 

48-01 

181-6 

37-37 

73-2 

24-39 

64-8 

2033 

61-0 

46-52 

109-5 

58-95 

143-6 

12-12 

54 -5 

25-33 

65-6 

36-83 

103-9 

28-07 

102-1 

37-22 

73-4 

48-87 

115-5 

328-23 

959-2 

373-96 

965-7 

499-00 

1372-8 


Grand total 

. — A 

Grand mean 

A 



Grain 

Straw 

t 

Grain 

-V 

Straw 



1201-19 

3297-7 

40-040 

109-923 


Method (6). 

Systematic sampling: symmetrical method. 


Set a 

, A ^ 

Set b 

A 

Set c 

A 

Set d 

A 

Set e 

Sot / 

Grain Straw 

Grain Straw 

/ *> 

Grain Straw 

Grain Straw 

t — \ 

Grain Straw 

Grain Straw 

41-99 88-3 

27-52 60-8 

38-70 76-5 

20 09 47-3 

47-38 112-4 

29-40 79-4 

23*30 51-2 

40-66 85-0 

46-29 96-8 

34-25 79-2 

41-28 114-2 

45-43 76-9 

42-22 92-0 

31-67 67-5 

30-49 74-0 

41-12 100-4 

32-37 88-6 

34-18 87-3 

26-89 65-6 

35-18 79-0 

60-52 137-6 

42-30 94-9 

46-60 111*4 

36-20 93-7 

40-50 83-2 

30-81 68-6 

88-75 217-5 

29-40 66-4 

41-83 123-5 

33-70 93*9 

174-90 380-3 

165-84 360-9 

264-75 602-4 

167-16 388-2 

209-46 550-1 

178-91 431*2 


Grand total 

- A. . . . 

Grand mean 



Grain 

Straw 

t 

Grain 

1 

Straw 



1161-02 

2713-1 

38-701 

90*473 
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235 


Method ( c ). Random row method. 


Row 19 


Row 20 


Row 24 


Grain Straw Grain Straw Grain Straw Grain Straw Grain Straw 


94-58 184-9 
90-02 221-2 
86-41 195-4 
114-93 267-2 
148*95 311*6 
93-55 221-1 


22-08 60-3 
33-93 80-5 
33-93 67-5 

30-24 73-8 
46-99 121-3 
30-07 76-0 


30-49 69-5 
36-59 104-4 
30-24 61-8 
50-42 93-3 

46-39 165-0 
50-59 133-1 


32-13 163-6 

29- 03 68-2 
48-88 94-1 
24*91 110-0 
51-20 127-4 

30- 07 96-0 


9-53 25-9 
36-34 96-7 

42- 18 94-9 
51-02 98-6 
60-99 136-0 

43- 29 112-6 


628-44 1401-4 197-24 479-4 244-72 627*1 216-22 659-3 243-35 564-7 



(Received December Qth, 1928.) 
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A STUDY IN SAMPLING TECHNIQUE: THE EFFECT 
OF ARTIFICIAL FERTILISERS ON THE YIELD OF 

POTATOES. 


By J. WISHART, D.So., and A. R. CLAPHAM, M.A. 

(Botham sled Experimental Station , Harpenden , Herts,) 

(With One Text-figure.) 

Introduction. 

In order to test the adequacy of a sampling method for estimating the 
yield of a crop of potatoes, use was made of the plots of a part of the 
Rothamsted Potato Experiment of 1928. This experiment was designed 
to give information as to the effect on yield of applying nitrogenous, 
potassic and phosphatic fertilisers in various quantities. There was a basal 
dressing of dung at the rate of 14 tons per acre, and further nitrogen was 
supplied as sulphate of ammonia at rates of 0, 1 1 and 3 cwt. per acre; 
potash at rates equivalent to 0, 1 and 2 cwt. of sulphate of potash per 
acre; and phosphate as superphosphate at 3 cwt. per acre. The experi- 
ment was of the “Randomised Blocks” pattern devised by R. A. 
Fisher (i), and consisted of 81 plots arranged in 9 blocks. The effect of 
phosphate was found by dividing each plot into two equal sub-plots, 
only one of which, chosen at random, received superphosphate. The 
arrangement is shown in the figure. 

The variety was “Ally.” The sets were planted on April 17th 19th, 
and the crop lifted on October 19th. Each of the 102 sub-plots was 
l/90th of an acre in area, consisted of three bouts 3*4 links apart and 
108 links long, and included about 180 plants. 

Three blocks of the experiment (A, B and C of the figure), comprising 
54 sub-plots in all, were first sampled by the method described below, 
and then lifted with a Howard’s “Spinner,” followed by harrows, and 
weighed on the field, in order to find the total yield from each sub-plot. 


The statistical problem. 

It was pointed out in an earlier paper (2) that a valid estimate of 
error of sampling can only be made if the constituent parts of a sample 
are located independently and at random. These constituent parts need 
not necessarily be individual plants or single short lengths of drill, but 
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may be complex patterns as in the “echelon” method used by 
Engledow(S), provided that a random selection can be made from a 
“population” of patterns. 

To avoid confusion the following terms will be used in the strictly 
technical sense indicated: 

(a) “ Units ” — the ultimate parts of a sample. For cereals, short lengths 
of drill, or small areas; for roots and potatoes, individual plants, etc. 
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Key to treatments 


No. 


Sulphate 

of 

ammonia 
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aero 

0 

11 

;> 

o 

n 

0 

1 \ 

3“ 


Sulphate 

of 

potash 
ewt. per 
aero 

0 

0 

0 

J 

J 

1 


I* — 3 ewt . superphosphate 
per aero. 

() -No superphosphate. 


Fig. 1. 


(b) “ Sampling-wits” -those parts of a sample which are located 
independently and at random within the area to he sampled. Each 
may consist of one or many units.” 

(e) “ Sample ” — the aggregate of sampling-units taken from the area. 
A valid estimate of error is only obtainable if each sample consists of 
at least two sampling-units. 



teristics of the sampling-error: 

(a) Validity — at least two sampling-units, defined as above, are 
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necessary to provide a valid estimate of error. The number and distribu- 
tion of units within the sampling-units play no part whatever in deter- 
mining the validity of the estimate. 

(b) Magnitude, — i.e. accuracy of the estimate of yield — the magnitude 
of the error may be reduced either by increasing the number of sampling- 
units in the samples, or by adjusting the number and distribution of 
units within the sampling-unit. Care in spacing the units within large 
sampling-units will tend to make the latter individually representative 
of the area sampled, and therefore like one another — i.e. the sampling- 
error will be small. There is, however, a further point to be considered — 
the units should be located in such a way as to minimise the actual labour 
of sampling. This is of considerable importance where many plots have 
to be sampled, and provides a strong case for a simple systematic 
distribution of units. 

(c) Accuracy i.e, accuracy of the estimate of sampling-error — the 
relative accuracy is determined solely by the number of degrees of 
freedom on which the estimate is based; but, of course, the standard 
error of an estimate of the variance or standard deviation is proportional 
to the absolute magnitude of the value to be estimated. 

Since the observations were made on a whole set of experimental 
plots (54), they differed essentially from those on cereals (2), where 
individual plots were dealt with. For assessing the yield of a single plot 
it is necessary to take a fairly large number of sampling-units, the actual 
number, of course, depending on the size of the plot and the uniformity 
of the crop, but rarely being less than 10. If fewer are taken the estimate 
of error is too inaccurate to be of much value. When a large number of 
plots is being sampled, however, as in the present case, each plot may be 
made to contribute to the estimate of error, if it can be assumed that the 
variation from sample to sample is sensibly the same on different plots. 
There is a considerable body of agricultural data to justify this assump- 
tion for plots bearing the usual English crops manured according to 
current practice, though it is certainly not true over the large range of 
manurial treatment given in pot-experiments, where the heaviest applica- 
tion may be twenty or thirty times the lightest. The experiment under 
notice being a field trial in which additional nitrogen was given at rates 
not exceeding 0-6 cwt. per acre, potash and phosphate being given at 
still smaller rates, it was satisfactory to assume that the variance was 
constant over all treatments. Under the circumstances it became 
possible to sample only in duplicate — i.e . to take only two sampling- 
units from each of the 54 sub-plots, the sampling-unit being a complex 
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structure designed to be highly representative of the plot, yet easily and 
rapidly taken. 

Now we are dealing with a crop in which the individual plants are 
quite large and at some distance apart. The considerable variability 
usually present in the spacing of the plants makes a small metrical unit 
undesirable: greater lengths of bout would give unduly large units. The 
individual plant thus becomes the logical unit. 

Jn the present case duplicate sampling- units were taken of every 
twentieth plant on each plot, the starting-points being selected at 
random from among the first twenty plants. It is easy to sec that there 
are 190 different ways of choosing a pair of sampling- units from any 
one plot, so that if there are n plots, the method envisages a population 
of 190a pairs of sampling-units from which n are chosen at random. 
The conditions for a valid estimate of error are therefore fulfilled. 
Further, since there were 54 sub-plots, a direct estimate is based on 
54 x 1 54 degrees of freedom, and is therefore well-founded. 

The field technique of sampling. 

The field technique of sampling was as follows: from a note-book 
containing a list of pairs of starting-points ” chosen at random was 
taken the pair of numbers which had been assigned to the sub-plot about 
to be sampled, and a white wooden peg was stuck in the ground beside 
the plant corresponding to the smaller of the two numbers. Similar 
white pegs marked every twentieth plant from this starting-point. The 
total number of pegs was noted, and also the number of plants beyond 
the last peg. This gave sufficient data for calculating the number of 
plants in the sub-plot. A black peg was then placed beside the plant 
corresponding to the larger of the two numbers, and at every twentieth 
plant from it. There were thus two sets of pegs marking the constituents 
of the two sampling-units to be taken from the sub-plot. 

Each marked plant was lifted with a fork, care being taken not to 
disturb neighbouring plants, and the tubers rubbed to remove some of 
the adhering soil. They were then put in a basket and taken to the 
balance (placed on a table in the middle of the plot) where their total 
weight was found to the nearest ounce. The peg marking the plant was 
placed in the basket with the tubers, so that there was little danger of 
entering the weight wrongly in a note-book whose pages were divided 
into two columns, one for “black” and one for “white” sampling- units. 
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Determination of the sampling -error. 

For the two sampling-units selected and weighed on each plot the 
following calculations were performed: (a) and (6) mean weight of a plant 
in ounces; (r) difference between mean plant- weights for duplicate 
sampling-units, i.c. (a) ~ (b); (d) and (e) sum of squares (in ounces 2 ) of 
the deviations of individ ual plant- weights from the mean of the sampling- 
unit, and (/) the sum (d) -b (r). A specimen page from the note-book is 
set out herewith, the plot selected being the half of B4 treated with 
s uperphosphate. 

Table I. 

Weight in oz. 



l«t sampling-unit- 2nd 

sampling-unit 

plot n 4 p 

2.4 

18 


10 

15 


P.) 

17 


17 

22 


20 

22 


12 

18 


12 

25 


18 

31 


23 


Number of plants 

0 

8 

Mean weight in oz. 

17-8 

V 

21 0 

Difference (r) ... 

3-2 


Sum of squares 

132 

188 


- v - 

j 

»S n in ( / ) 

320 



Actually 02 plots out of the 54 in Blocks A, B and C were dealt with 
in this way. The remaining two plots were left out of the calculation 
owing to uncertainty as to whether certain plants had been correctly 
assigned to sampling- units 1 and 2 respectively. The mean plant-weight 
over all the 52 plots was 19*104 oz. The sum of squares of deviations 
of the means of duplicate sampling-units from their common mean is, 
for this plot, | (3*2) 2 , with 1 degree of freedom. Leaving the factor \ 
to be introduced at a later stage, the total sum of squares of deviations 
between actual means is obtained by adding together the squares of all 
these differences (c), one for each plot. The total is 757, with 52 degrees 
of freedom. Dividing this total by 52 and then by 4, and taking the 
square root, we obtain the standard error of the mean of duplicate 
sampling-units. But in order to see if the complex sampling- unit used 
is appreciably better — i.c. more representative of the plot — than a 
sample of the same number of independently located units, we may also 
calculate the variance between the means of samples selected at random, 
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in the following way. Sum all the quantities (/), i.e. find the total sum 
of squares of deviations of each plant-weight from the mean of the 
sampling-unit in which it is contained. This amounts to 45,921. Divide 
by the number of degrees of freedom (one less than the number of 
plants for each sampling-unit). Grouping according to the number of 
plants we have 


o. of plants 

Frequency 

Degrees of freedom 

7 

2 

12 

8 

43 

301 

y 

55 

440 

10 

4 

36 


104 

789 


On dividing 45,921 by 789 we are left with 58*2015. This is the 
variance between plants. That between random means, for comparison 
with the figure 14*558 obtained for the variance between actual means, 
is obtained by multiplying 58*2015 by 

2 (2 43 55 4 | 

104 X (7 + 8 + 9 + 10/ * 


i.e. by 1/1*27215. The following table shows the results reached up to 
this point. 



Table II. 




Degrees of 

Sum of 

Mean 


freedom 

squares 

square 

Between plants 

789 

45,921 

58-202 

Between random means . 

789 

10,749 

13-623 

^ Between actual means 

52 

757 

14-558 


841 

11,506 

13-681 

The variances between actual and random means are not significantly 

different, so that there is no 

apparent gain 

by the systematic arrange- 

ment, and we may take the c 

combined figure 

: 18*681 as the best estimate 

of sampling variance. Dividing by 4 and taking the 

square root of the 

result, we find that the standard error of ; 

a 1 in 10 

sample is 1*8494, 

or 9*68 per cent, of the mean 

plant-weight 19*104 oz. 



Table III. 




Degrees of 

Sum of 

Mean 


freedom 

squares 

square 

Between plants 

1133 

205,807 

181-648 

Between random means . 

1133 

24,642-4 

21-750 

Between actual means 

36 

507-2 

14-089 


Mean plant weight = 37-086 oz. 

Standard error of sampling = v4 14:-089 -~4} = 1-877, or 5-06 per cent. 

It is interesting to compare the figure 9*68 with the analogous figure 
obtained from an experiment carried out at Woburn. Two blocks of 
Joum. Agric. Sci. xix 
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eighteen plots each were here selected for testing the sampling method, 
and the above results (Table III) obtained in precisely the same way as 
has been described. An interesting feature of these results is that the 
systematic arrangement has shown itself definitely superior to purely 
random sampling, as is seen on comparing the variance “ between 
random means” with that “between actual means”: 

Variance J log,, (variance) 

Betwoen random means 21-750 1-5398 

Between actual means 14-089 1*3227 

The difference between half the natural logarithms of the variances 
is 0-2171. Looking up R. A. Fisher's table of z{ 3) with ?i x = 1133 and 
n 2 - 36, we find that we are just about at the 5 per cent, significance 
level, i.c. only once in twenty times would such a difference occur in 
two sample estimates of the same variance. 

In view of the significance of this difference the smaller value, 14-089, 
is used in calculating the sampling-error, which is then found to be 5-06 
per cent. This result may be interpreted as showing that the Woburn 
soil was more heterogeneous within plots than was the soil at Rothamsted, 
where there was no difference between the variances, and where, con- 
sequently, an average value was used. 

The two estimates of error, 9-68 per cent, at Rothamsted, and 
5-06 per cent, at Woburn, are not comparable figures, in that the former 
is based on plots only l/90th acre in area, while at Woburn the plots 
were 1/4-Oth acre in area. Since, however, the sub-plots at Rothamsted 
were arranged in pairs whose members were similarly treated except 
that only one received superphosphate, it is possible to arrive at an 
estimate of sampling-errors over plots of 3 /45th acre, an area very nearly 
that of the Woburn plots. This is effected as follows: the differences in 
mean root- weight between members of the adjacent pairs of sub-plots 
are found for each pair, and from the.se are calculated the mean difference 
due to superphosphate, and also the sum of the squares of deviations 
from this mean difference. This latter quantity may fairly be taken as 
arising from soil differences between adjacent sub-plots. (It would also 
include interaction between phosphate and other manurial treatments, 
but these are shown to be insignificant.) 

The variance of duplicate sampling-units from the same sub-plot 
provides an estimate of errors due to sampling alone. If now we add 
to the corresponding sum of squares that due to soil-difference between 
adjacent sub-plots (both reduced to a sub-plot basis), we can arrive at 
an estimate of the variance of a similar sample distributed over the 
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doul)le area. Halving the figure gives the variance of a sample twice as 
large, and from the double area— 1 /45th acre. 

Table IV. 

Degrees of Sum of Mean Standard 

freedom squares square error 

Differences due to sampling within 

sub-plots 841 2876-5 3-420 — 

Soil differences between sub-plots 20 161-44 6-209 — 

Total 867 3037 T 9 3-5039 — 

1-7520 1-324 or 

6-93 % 

It is noteworthy that plant number contributes a very much larger 
share to the total variation than does soil-heterogeneity. For on the 
whole plot of 7 /45th acre the sampling variance of a 1 in 10 sample is 
little more than half that on 1 /90th acre. (Doubling the plant number, 
if there wen? no soil effects, should halve it exactly.) This being so it 
is possible to estimate the corresponding figure for 1 /40th acre, by 
neglecting the soil-factor. The variance, 1*7520, must now be multiplied 
by 8/9, giving 1 -577 as the new figure. Hence the standard error becomes: 

yT*5 77 ~ 1-248, or 6*53 per cent. 

This figure is now directly comparable with the Woburn result of 
5-06 per cent. Comparing the variances in units of 1 per cent.: 

At Rothamsted G-53 2 or 42-64, 

At Woburn 5*06 2 or 25*60, 

it is seen that the sampling is considerably more accurate at Woburn 
than at Rothamsted. This is probably due to the much greater per- 
centage at Rothamsted of plants suffering from Leaf Roll, leading to a 
bigger variation in root- weight from plant to plant. 

Statistical treatment of actual and estimated yield figures. 

Table V. 



A 


Actual yields in 
B 

_ 

half lb. 


O 




A 



A 

r 

l 

2 


1 

2 

3 

1 

2 

3 

3 

391 

521 

480 

531 

564 

454 

503 

563 

494 

401 

402 

493 

449 

512 

509 

459 

526 

491 

4 

5 

6 

4 

5 

6 

4 

5 

6 

284 

299 

395 

384 

361 

337 

365 

459 

453 

278 

349 

438 

427 

365 

395 

420 

460 

502 

7 

8 

9 

7 

8 

9 

7 

8 

9 

283 

426 

411 

318 

410 

420 

312 

383 

565 

290 

370 

6898 

387 

286 

360 

7494 

412 

289 

420 

8207 

543 


Block totals 


40-2 
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The total produce from each plot was weighed and the weight of the 
samples previously taken from the plots added in, the total being recorded 
to the nearest half pound. Table V shows the serial numbering of the 
plots, for comparison with Fig. 1, and the actual yields in half pounds. 


Table VI. 

Treatment totals in half lb. 
Amount of S/Amm. in cwt. per acre 


Totals of 3 plots 


0 

1* 

3 

Total 



[•IS 

985 

1307 

1233 

3,525 


Amount of 

910 

1258 

1194 

3,362 


potash in 

■i! 

1146 

1349 

1650 

4,145 


cwt. per acre 

1138 

1367 

1457 

3,962 


S/Pot. 

/P 

1055 

1312 

1587 

3,954 



^ |o 

982 

1214 

1455 

3,651 


Total . . . 

(P 

3186 

3968 

4470 

11,624 

Phosphate total 

iO 

3030 

3839 

4106 

10,975 

No phosphate total 

Grand total .. 

. 22,599 


General mean ... 418-5 


Analysts of variance. Agricultural yields. 

The 53 degrees of freedom may be analysed in the first instance 
into 2 for differences between different blocks of land, 17 for differences 
between treatments, and 34 on which to base an estimate of error. Of 
the 17 degrees of freedom 8 are accounted for by the nitrogenous and 
potassie treatments, and are obtained (see Table VI) from the nine totals 
of adjoining phosphate and no phosphate sub-plots (2 for nitrogen, 2 for 
potash and 4 for the interaction of these fertilisers). We then find that 16 
(8 x 2) degrees of freedom out of the 34 for error are appropriate for 
furnishing an estimate of the error of the nitrogen-potash comparisons, 
while the remaining 18 arc to be used for the phosphate comparison. The 
remaining 9 degrees of freedom for treatment consist of 1 for the direct 
comparison phosphate versus no phosphate, and 8 for the phosphate 
interactions with nitrogen and potash. The analysis is as follows: 

Table VII. 


Blocks 

Degrees of 
freedom 

2 

Sum of 
squares 
47,723-44 

Mean 

square 

23,861-72 

iloge 

(mean squaro) 

Nitrogen ... 

2 

160,967-44 

80,483-72 

5-6479 

Potash 

2 

41,776-44 

20,888-22 

4-9735 

Interaction 

4 

21,432-78 

5,358-20 

4-2932 

Error (a) ... 

16 

49,662-89 

3,103-93 

4-0202 

Phosphate 

1 

7,800-02 

7,800-02 

4-4809 

Phosphate interactions ... 

8 

5,456-82 

14,227-67 

682-10 

3-2626 

Error (b) ... 

18 

790-43 

3-3363 

Total 

53 

349,047-50 

— 

— 
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It will be noticed that the error for the phosphate comparison is 
significantly smaller than the other, as we have a right to expect, for 
the treatments compared were on two adjacent plots throughout, and 
soil-differences would be much smaller than between plots separated by 
larger distances. In fact the correlation between adjacent sub-plots was 
+ 0*59. Now examining the last column of the table, where half the 
natural logarithm of the variance is given, we find from the table of z> 
(i) that the effect of nitrogen and of potash is undoubtedly significant — 
not once in a hundred times would such a large difference occur in two 
sample estimates of the same variance — while the interaction of potash 
and nitrogen is not significant, (ii) that phosphate shows an undoubtedly 
significant effect the probability of a difference of 1*1446 is less than 
0*01 while the phosphate interactions are not significant. 

We may therefore present our results in the form of two tables, one 
showing the straight comparison between the plots receiving and not 
receiving phosphate, i.e. between the means of 27 sub-plots, while the 
other shows the nitrogen and potash effects, and is obtained by averaging 
in each case the two sub-plots shown in Table VI. The standard errors 
appropriate to these comparisons arc: 

Phosphate comparison . 

Standard error (mean of 27 plots) — \/{790*43 -f* 27} 

= 5*41 half lb. ; 

or 1*29 per cent, of the mean yield 418*5 of the sub-plot. 

Nitrogen and potash comparisons. 

Standard error (mean of 6 plots) ~ y/ (6207*86 6} 

32*17 half lb.; 

or 3*84 per cent, of the mean yield 837 of the whole plot. 

Expressed in tons per acre, and as a percentage of the mean yield, 
the results are as follows : 


Table VITT. Summary of results — Actual yields . 


Average yield 

Tons per aero . . . 
Percent. 


Without 
superphosphate 
8-17 
97* 1 


With 

superphosphate 

8-65 

102*9 


Standard 
Mean error 

8*41 0*11 

100*0 1*29 


Average yield in tons per acre 
S/Ainin. 

r A “ ^ 

0 4 3 

(0 6*34 8*59 8*13 

Potash 7*65 9*09 10*40 

(2 0*82 8*46 10*19 

Standard error ... 0*32 


Per cent. 
S/Amm. 

% 4 

7 5*5 102*2 

91*0 108*2 

81*1 100*0 

Standard error ... 


"IP 

96*7 

123*7 

121*1 

3*84 
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The principal conclusions from the experiment are: There is a 
significant response to the nitrogenous, potassic and phosphatic fertilisers. 
The response to phosphate was small, but was detected by the precise 
nature of the comparison made possible by the design of the experiment. 
There was no further response to the double dressing (2 cwt.) of potash, 
or to the double dressing (3 cwt.) of sulphate of ammonia in the absence 
of potash. 

Estimated yields from sampling. 

If the total produce had not been weighed, the yields would have 
had to be estimated by multiplying the mean plant-weight of the samples 
taken on any one plot by the total number of plants on that plot. The 
results, for comparison with Table V, are given below: 


Table IX. 


Estimated yields in half lb. 

A B C 


1 

2 

3 

r ‘ 

1 

2 

^ 

3 

( 

1 

2 

3 

336 

564 

558 

605 

631 

427 

557 

566 

461 

369 

399 

565 

440 

579 

500 

508 

528 

487 

4 

5 

0 

4 

5 

6 

4 

5 

6 

253 

292 

327 

341 

437 

337 

372 

386 

360 

167 

348 

426 

405 

284 

392 

407 

366 

575 

7 

8 

9 

7 

8 

9 

7 

8 

9 

268 

300 

346 

301 

394 

420 

282 

320 

603 

251 

345 

400 

286 

366 

449 

286 

426 

549 


Block totals Of) 7 4 7494 8039 

While the variations of the estimated and actual yields for individual 
plots are in some cases large, the treatment and block averages agree 
very well. It is a striking coincidence that the totals for Block B should 
be identical. The treatment totals are as follows: 


Table X. 

Estimated treatment totals in half lb. 


Amount of S/A mm. in cwt. per acre 

t A '> 

Totals Of 3 plots 0 1 $ 3 Total 



f° 

(p 

841 

1328 

Amount of 

10 

876 

1250 

potash in 

i 

IP 

1022 

1260 

cwt. per acre 

(O 

1166 

1348 

8/Pot. 

i O 

JP 

1041 

1151 


l 2 

|o 

965 

1052 

Total ... 


IS 

2904 

3007 

3739 

3650 


Grand total ... 22,107 


1244 3,413 

1070 3,202 

1798 4,080 

1527 4,041 

1636 3,828 

1526 3,543 

4678 11,321 Phosphate total 

4129 10,786 No phosphate total 

General mean ... 409*38 
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There is a slight underestimate of the total crop yield, the mean 
409-39 half lb. corresponding to a yield of 8-22 tons per acre, as com- 
pared with 8-41 tons per acre actual yield. 


Analysts of variance. Estimated 

YIELDS. 



Table XI. 




Decrees of Sum of 

Mean 

\ log. 


freedom 

squares 

square (mean square) 

Blocks 

2 

60,919-44 

30,459-72 

— 

Nitrogen ... 

2 

222,000-44 

116,500*22 

5-8328 

Potash 

2 

62,001-22 

31,500-66 

5-1789 

1 nteraetion 

4 

69,753-90 

17,438-48 

4-8832 

Error (a) ... 

16 

95,762-22 

5,985-14 

4-3485 

Phosphate 

1 

5,300-46 

5,300-46 

4-2878 

Phosphate interactions ... 8 

22,221-37 

2,777-67 

— 

Error (b) ... 

18 

54,129-67 

3,007-20 

4-0044 

Total 

53 

604,088-83 

— 

— 

Till ild 

XI 1. Summary of 

resu Its — Estimated yields . 



Without 

With 

Standard 

Average yield superphosphate 

superphosphate 

Mean 

error 

Tons per acre ... 8-OS 

8-42 

8-22 

0-21 

Per cent . 

97-6 

102-4 

100-0 

2-58 


Average yield in tons per acre 

Per cent. 



S/A nun. 


S/Armn. 



0 1 \ 

3 ' ' 0 

H 

> 

3 

(0 

5*75 8412 

7-77 69-9 

105-0 

94-4 

Potash 

7- 2 2 8*72 

11-13 89-1 

106-2 

135-4 

1 2 

6-72 7-28 

10-59 81-7 

89-7 

128-7 


Standard error ... 

0-45 Standard error ... 

5-16 


Nitrogen and potash still show significant responses, while the 
variance due to interaction of these two fertilisers is larger than before, 
but does not quite approach the 5 per cent, level of significance. The 
phosphate effect, however, is insignificant. There is evidence from the 
agricultural yields that it exists, although only to a moderate extent. 
The larger standard error on the estimated yields, which necessarily 
includes the error due to sampling, has masked what was at best only 
a moderate response to the phosphatic dressing. 

The standard errors are: 

Phosphate comparison . 

Standard error (mean of 27 plots) — -y/{3007-2 ^ 27} 

= 10*55 half lb. ; 

or 2-58 per cent, of the mean yield 409-4 of the sub-plot. 
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Nitrogen and potash comparisons. 

Standard error (mean of 6 plots) = \/{11970*28 -r 6} 

44*67 half lb. ; 

or 5*40 per cent, of tlie mean yield 818*8 of the whole plot. 

The standard error appropriate to the phosphate comparisons is 
rather loss than one-half that for the potash and nitrogen comparisons, 
as compared with one-third in the case of the actual yield figures. This 
indicates that there is some factor working against the favourable 
circumstance of the plots to be compared for the phosphatic effect 
being contiguous. The accuracy of the sampling method depends on 
the proportion of plants actually selected for weighing. This could be 
increased, but a point would ultimately be reached where there would 
be no substantial gain, cither in time or economy of working, over the 
ordinary method of harvesting the whole crop. But given a certain 
sampling ratio, as the 1 in 10 of this experiment, the accuracy may be 
affected by differences in the numbers of plants on the several plots, 
or by an uneven crop. This field was admittedly patchy, the weight of 
tubers from individual plants sampled varying from 2 to 53 oz. The 
least satisfactory feature of the analysis conducted on the basis of the 
estimated yield figures from the samples is the obscuring of the effect 
of the phosphatic fertiliser by an increased standard error. To see how 
far this effect is due to variation in individual plant-weight, and how far 
to variation in plant-number from plot to plot, a corresponding calculation 
was made on the sampling plant-weight, i.e. the mean weight in oz. of 
a plant, estimated from duplicate sampling-units from the same sub-plot. 
Set out in half oz. units the figures are as follows: 

Table XIII. 

Sampling plant -weights in half oz. 

A B 

i '■ ■> i ** ^ 

12 3 12 3 

32-6 51-3 53 1 46-2 58-7 409 

34-7 36-5 55-5 41-9 53-2 47 1 

4 5 0 4 5 (i 

23- 4 27-6 32-1 31-2 40-4 31-5 

10*8 34*8 401 38*8 27*4 37 1 

7 8 9 7 8 9 

24- 8 34 1 330 29*2 38-0 400 

230 31-5 37-9 27-9 35-1 41*8 

Block totals 623*4 706*4 

The actual number of plants per sub-plot may be obtained by 
dividing the figures in Table IX by those in Table XTII and multiplying 


0 

( A 


.021 

53*6 

43*4 

481 

503 

46*7 

4 

5 

0 

35*0 

35*9 

33*1 

40-4 

34*2 

54*1 

7 

8 

9 

28-0 

30*5 

58*1 

26-9 

37-9 

758*3 

48*8 
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by 16. The numbers are fairly regular, varying from 158 to 180. In fact 
a cursory inspection of the two tables shows that the more important 
divergences from the actual yields of Table V are reflected in both, and 
are due, therefore, to the samples being in some cases insuflieiently 
representative of the growing crop. 

Table XIV. 

Treatment totals in half oz. 

Amount of S/Amm. in cwt. per aero 


Totals of 3 plots 

o 11 

3 

Total 



o(S 

82-5 126*2 

114*4 

323*1 


Amount of 

81-8 119*3 

103*1 

304*2 


potash in 

MS 

97*7 118-1 

168*1 

383*9 


cwt. per acre 

108*6 128*0 

138*5 

375*1 


S/Pot. 

l* IS 

103-1 108*8 

155*3 

367*2 



92*4 96*9 

145*3 

334*6 


Total ... 

f 1 : 

283-3 353*1 

437*8 

1074*2 

Phosphate total 

to 

282*8 344*2 

380*9 

1013*9 

No phosphate total 

Grand total . 

.. 2088*1 

General mean 

... 38*6685 

Analysis 

OF VARIANCE. 

Sampling 

PLANT- WEIGHT. 



Table XV. 





Degrees of 

Sum of 

Mean 

I log. 



freedom 

squares 

square 

(mean square) 

Blocks 


2 

514*46 

257*23 

— 

Nitrogen ... 


o 

1857*74 

928*87 

3*4170 

Potash 


!.. 2 

484*57 

242*28 

2*7450 

interaction 


4 

679*38 

169*84 

2*5674 

Error (a) ... 


16 

913*25 

57*08 

2*0222 

Phosphate 


1 

67*34 

67*34 

2*1049 

Phosphate interactions ... 8 

203*47 

25*43 

— 

Error (b) ... 


18 

443*35 

24*63 

1*6020 

Total 

... 

53 

5163*56 

— 

— 


The effect of the nitrogenous and potassic fertilisers shows up in 
very much the same way as it did in the analysis of the estimated yield 
figures, while that due to phosphate, though still not significant, is 
distinctly larger than before. It is interesting to note that the difference 
between the errors (a) and (b) is again significant, although not to the 
same marked extent as in the case of the actual yield analysis. This shows 
that the variation in plant-number between contiguous sub- plots was 
so large as partially to obscure the advantages known to follow from the 
arrangement. 

The standard errors are : 

Phosphate comparison . 

Standard error (mean of .27 plots) ~ — 27} 

— 0-96 half oz. ; 

or 2*47 per cent, of the mean yield 38*67 of the sub-plot. 
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Nitrogen and potash comparisons. 

Standard error (mean of G plots) = y^HI-lG ^ fy 

~ 4-36 half oz. ; 

or 5*64 per cent, of the mean yield 77*34 of the whole plot. 


Table XVI. Summary of results — Mean sampling plant-weight. 

Without With Standard 

Average yield superphosphate superphosphate Mean error 

Oz. per plant ... 18-78 19*81) 19-33 0*48 

Percent 97-1 102*9 100-0 2*47 


Average yield in oz. per plant 
S/ Ain m. 

( v ^ 

0 H 3 

(0 13-09 20-40 18*12 

Potash -1 17-19 20-51 25-55 

(2 10-29 17*14 25*05 

Standard error ... 1*09 


Per cent. 

S/Amm. 

"0 1£ 3 

70-8 105*8 93*7 

88 9 100*1 132-1 

84-3 88-7 129*0 

Standard error ... 5*04 


On taking these results in conjunction with the earlier ones, it is 
apparent that the phosphate effect has been rendered less definite than 
it was in reality from two causes (a) the error of sampling, and (h) the 
variation in plant-number from plot to plot. These causes have acted 
together and in the same direction; they have reduced the actual difference 
between the means of the phosphate, and no-phosphate sub-plots, and at 
the same time have increased the standard error of this difference. Apart 
from this, the sampling method may be held to have been very .successful 
in showing up the main fertiliser effects at only a fraction of the labour 
and cost necessarily incurred in the complete harvesting and separate 
weighing of all tin; plots. 

Discussion. 


The comparison of errors due to soil differences and experimental 
errors, with those due to sampling, is best made by the calculation of 

relative variances ) ] )er plot. 


Table XVII. 

* Relative variance x 10 4 . 

Rothamsted 

Whole Half- 
plots plots Woburn 

Agricultural yields ... ... 88*0 45-1 50*4 

Sampling relative variance ... 40*8 93*7 25*0 

The sampling variance is unsatisfactorily high as compared with the 
variance due to other causes, especially in the case of half-plots, where 
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the fact that adjacent half-plots arc considered reduces the variance due 
to soil differences very considerably. That the high values at Rothamsted 
are due to some extent to the severe infection with Leaf Roll is borne 
out by examination of the corresponding figures for Woburn, where, 
however, the plots were of J/4()th acre. It appears that a 1 in 10 sample 
is definitely inadequate for plots of ] /90th acre: had the sampling method 
alone been relied upon, the effect of phosphate would have appeared 
insignificant. It is somewhat unsatisfactory, too, for plots of 1/4 5th or 
l/40th acre, for even at Woburn the sampling variance was half as 
great as the agricultural-yield variance. It must in fact be considered 
fortunate that all the treatment differences for whole plots appeared 
significant on analysing the sampling- yields in the Rothamsted ex- 
periment. 

It is easy to estimate from the analyses how many plants it would 
be necessary to lift from each plot in order to give a sampling-error of, 
say, 4 per cent. At Rothamsted the number is J 02, and at Woburn 50. 
A sample consisting of this number of plants would raise 1 a standard 
error per plot from 7 per cent, only to 8 per cent., and the reduced labour 
of lift ing might compensate for the slight loss of accuracy. At Rothamsted 
if would be necessary to take every third or fourth plant of a plot of 
I/4()fh acre in order to reduce the sampling-error to this extent, while 
for plots of 1 /20th acre (‘very seventh plant would be needed. At Woburn, 
the error being smaller, (‘very sixth and every twelfth plant respectively 
would have been sullicient. Little would be gained, then, by the use of 
a sampling method for small plots. With largo plots, of l/20th acre or 
more in area, however, the labour costs of lifting and weighing the crop 
would be very considerably diminished without prejudicing the value 
of an experiment. 

A comparison of tin* relative variances per plot, derived on the one 
hand from the agricultural yields and on the other from the sampling 
yields, should provide an indirect estimate of errors due to the sampling 
technique. For in the case of the agricultural yields, the plot variance 
arises from differences in soil-fertility on different plots ; from inaccuracies 
in area measurements and weighings; and from the fact that there is a 
comparatively small number of plants on a plot. The sampling-yields are 
subject to all these errors, but to the last in a greater degree, since only 
one-tenth of the total number of plants is weighed. The differences between 
the two plot variances, expressed in suitable units, should therefore be 
an estimate of nine-tenths of the variance due to sampling. 

The accompanying table shows the relative variances for whole plots 
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and for half-plots, arising from factors other than block and treatment 
differences. 

Table XVIII. 

Relative variance x 10 4 . 

Whole plots Half- plots 


Agricultural yields 88 0 45*1 

Sampling yields ... ... 178-0 179-4 

.Difference** 1 0/9 99-9 ) 1 49-2 } 

Sampling variance ... ... 40-8) 93*7 / 


The quantities enclosed in brackets should be equal. They appear to 
differ considerably: the indirect estimate is about double the direct 
estimate. The reason for the apparent discrepancy is the very high 
variance of the indirect estimate, based as it is on the difference between 
two variances. Thus tin 1 variance of the difference between two variances 
Vj and n 2 , based on n degrees of freedom, is given by the formula 

“■ 2 K* 1 V 2 2 “ 

where r is the correlation between the variances in samples, r „ 

V\ Vo J Vi Vo 

has been shown (4) to be exactly equal to p 12 2 , where p 12 is the population 
value of the correlation between the two variates. As the best available 
estimate of this parameter we may use r 12 , the value observed in samples. 
In the present case r l2 is the “ remainder” correlation between the corre- 
sponding values of the agricultural and sampling yields. 

We have, then, 

F» rn - 2 (V + V - 2 

r l2 is found to be 0-8233 for whole plots. Using this, and putting 

- 88-61:5, 
v 2 - 178*554, 
n = 1 6, 

we find V v x -vo ~ 2286, 

or the standard error, 

“ V2286 - 47-8. 

Now the sampling variance is based on 841 degrees of freedom. Its 
standard error is therefore 

V{2. 46-8 2 /841} - 2-28, 

and the standard error of the difference, 53-1, between the two estimates 
of sampling variance is 

V{47-8 2 + 2-28 2 } = 47-9. 

Hence the difference, 53*1, barely exceeds its standard error, and is 
clearly insignificant. 
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Two interesting points emerge from this calculation, in the first 
place it is evident that the direct estimate is enormously more accurate 
than the indirect estimate;, their variances being m the ratio of about 
1 : 400. If, then, it is required to know tin* extent to which errors due 
to the sampling technique contribute to the total errors, it is essential 
that a direct estimate of the former should be made. This is only possible 
if at least two sampling-units are taken from each plot. In the present 
experiment the plots were strictly speaking only sampled in duplicate. 
At Rothamsted, however, it was found that the sampling-error did not 
differ significantly from what would have been expected if the units 
had been distributed wholly at random, i.c. if then; had been about 
17 sampling-units, each a single plant, instead of only 2, each of 8-9 
plants. 

This leads to the second interesting point - the extent to which the 
accuracy of the estimate of error depends on the number of degrees of 
freedom on which it is based. The magnitude of the sampling-error, and 
therefore the accuracy of the estimate of yield, is practically unaltered 
whether it is assumed that 2 or that 17 sampling- units are taken from 
each plot. But the standard error of the sampling variance is 9*01 in the 
first case (51 degrees of freedom), and 2*28 in the second (841 degrees 
of freedom). In this connection it should be noted that some of the 
advantages of complex sampling-units, but without the disadvantage 
of reducing the number of degrees of freedom, can be gained by dividing 
a plot into a small number of parts from each of which equal numbers 
of simple sampling-units are taken. The sample is the same size as before, 
and is still fairly representative of the plot, but there being a greater 
number of independent random locations, the labour of sampling is 
increased. If the plot is divided into v 1 parts, and n 2 sampling-units are 
taken from each part, the variance may be analysed thus: 


Fraction 
Within partB 
Between parts 
Total 


Degrees of freedom 

% (»!-!) 

«1 - 1 
71 ^ - 1 


Hence the degrees of freedom available for estimate of error are 
reduced only by n x — I, a number which would usually be not more 
than 4. 

The desirability of adopting this procedure depends upon the relative 
importance of reducing labour and increasing the accuracy of the estimate 
of sampling-error: for samples of the same size the magnitude of the 
error should be much the same in the two cases. 
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Summary. 

(1) The desiderata of a sampling-method are, outlined, and the par- 
tieular ease of sampling a large number of potato plots discussed. 

(2) An analysis is made of the yields of 54 sub-plots of the Rothamsted 
Potato Experiment of 1928, both as estimated by a sampling-method 
and as determined by large-scale lifting. 

(15) It is shown that most of the significant results of the experiment 
arc obtained from the sample-yields, but that the higher standard error 
per plot obscures the effect of superphosphate. 

(4) It is concluded that at Rothamsted 102, and at Woburn 56, plants 
would have to be lifted to give a sampling-error as small as 4 per cent. 
It would then be profitable only to sample experimental plots of 1 /20th 
acre or more in area. 

Finally it is a pleasure to record our indebtedness to Dr R. A. Fisher 
for much valuable advice and criticism: and to Mr II. J. G. Hines for 
assistance with the held work. 
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A NOTE ON THE VALUE OF UNIFORMITY 
TRIALS FOR SUBSEQUENT EXPERIMENTS. 

By H. G. SANDERS, M.A., Ph.D. 

(From the Statistical Department , Rothamsted Experimental 
Station , Harpenden.) 

It is now generally accepted that the soil of any field may be assumed 
to be markedly variable, and that, in consequence, treatments or 
varieties must be replicated in experimental trials, so that the error 
caused by soil differences may be estimated, and the significance of the 
results appreciated : variations in fertility over the area covered are 
always found in uniformity trials — that is to say, trials in which the 
whole area was treated exactly similarly, but plots in which were 
harvested, and the produce weighed, separately. In view of these 
irregularities, one possibility of increased precision appears to lie in 
carrying out a preliminary uniformity trial, harvesting the crop separately 
in the various plots to be used for a subsequent experiment, and so 
mapping out the fertility of the field by the plot yields when all arc 
treated alike: these figures could be used later to correct the yields of 
the plots when under experiment, and so to circumvent to a certain 
extent the field experimentalist’s bugbear — soil heterogeneity: it is con- 
ceivable that in this way a degree of precision might be attained with 
the actual experiment which could only be reached otherwise by a 
greater number of replicates than could well be managed, and that 
consequently the extra labour involved in preliminary uniformity trials 
might be justified. Naturally the possibilities depend entirely on the 
constancy of the plots in their relative productivity in different years, 
under different climatic conditions, and, usually, under other crops: this 
question could readily be explored were figures available giving the 
results of uniformity trials carried out over a series of years, on the 
same fields, sub-divided into the same plots, but such data are rare, 
and those discussed here are recognised as inadequate to give anything 
approaching a final solution. It was thought, however, that a note 
might serve to direct attention to the problem, and might stimulate 
others, who have access to suitable and more abundant data, to investi- 
gate them with the same end in view: it was also felt that some workers 
might be glad of an example of how the results of a uniformity trial 
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might be used in subsequent experiments on the same plots, so that 
the method of working is described in some detail, at the risk of appearing 
obvious. 


The method of using the information. 

If the yield of any plot under a preliminary uniformity trial (or its 
mean yield under a plurality of trials) be denoted by x, and its yield 
in the actual subsequent experiment by y, then some method of correcting 
y for x must be selected. At first sight the simplest procedure would 
appear to be to take the difference between the two — the efficacy of any 
one experi mental treatment being tested by the mean value of y — x 
for the plots on which it was carried out: if x and y were expressed as 
percentages of the mean yield of all plots in their respective years, then 
a positive value of y — x would indicate that that particular treatment 
had been beneficial relative to the other treatments employed, and vice 
versa. Statistically, however, this method may lead to a loss, rather 
than a gain, in precision, for if V x be the variance of x, then 

V/ \ = V -f- V -2 r Wv~ 

Consequently if there is no correlation between the plot yields in the 
two years, this method would add to the variance of y that of x: with 
V x and V y approximately equal, no gain at all would be made unless r xy 
exceeded -f 0*5, whilst if it were negative there would be a serious loss. 

A gain may, however, be effected by means of the regression function 
between the two variables: if V y . x denote the variance of y corrected 
for x by means of this (or, as it is sometimes stated “with x held 
constant”), then 

V = V (1 — r 2 ) = V — ^ QV ---~ 

where Cov x?/ is the covariance between x and y , or the mean product of 
their deviations from their means. In this case there is a definite gain if 
x and y are at all closely related (positively or negatively) — that is, if the 
produce of an individual plot in one year is any guide to its performance 
in another. It will be realised that V v . x gives the variance of y corrected 
by the regression equation y = bx, where b is equated to Gov xy /V x : 
accordingly it must not be used to test the significance of the difference 
between the actual mean plot yields given by any two treatments, but 
that between the mean values of y — bx given by them : if n be the 
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n (fy/ ~~ bSx) : since, with a random distribution of the treatments over 

the plots, the values of Sx will tend to be constant, it follows that the 
differences between these figures will be of the same order of magnitude 
as the differences between the means of y, and consequently any re- 
duction effected in calculating V y . x from V u will be a direct gain in pre- 
cision. It can readily be seen that in all circumstances the variance of 
y bx will be less than that of y — x , for 

V <r Vi \ 

r y • ,r r (y -r)5 

^ C,(l -r\„)< V y -I F r -2 rVV~V~ 

if (VFj. — r VVyf > 0, 

which is necessarily true, since a square cannot be negative. 

The data. 

Uniformity trials were carried out between 1906 and 1911 on two 
fields at Aarslev (Denmark) (i), which provide (very limited) data to test 
the possibilities. One field (A 2 ) was divided into 30 plots- -6 strips of 5 - 
which were all treated alike but harvested separately, and the crops 
grown were: 1907, oats; 1908, rye; 1909, barley; 1910, mangolds; 1911, 
barley. The other held (R>) was divided into 128 plots — 16 strips of 8 — 
and carried oats in 1906, barley in 1907, “seeds” in 1908, and rye in 
1909: there was a remarkable oscillation in fertility across this field in 
one direction, the 1st, 3rd, ... 15th strips consistently giving much 
higher yields than the 2nd, 4th, . . . 1 6th strips -in fact in the four years 
the odd numbered strips gave a total yield of 27,817, as compared to 
23,383 for the even numbered strips. This oscillation apparently arose 
as a legacy of the old practice of ploughing in high ridges: the tops of 
the ridges exhibited greater fertility than the borders of the furrows, 
so that soil was worked from the former to the latter and the field 
levelled out: this meant that over the site of the old furrows there was 
a good depth of rich soil, v iiilst. it was very shallow where the ridges 
had been. The strips were so arranged as to cover the site of the furrow 
and of the ridge alternately, with the result noted above: in order to 
escape this variation, the table was condensed by taking 2 strips 
together (so that the new strips each included the whole of one of the 
old “lands”) making it an 8 by 8 square. The paper referred to above 
gives the production for each individual plot as a percentage of the 
mean yield over the field in that year: the method of enquiry was to 
suppose that the last year for which figures are given was the actual 
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experiment, and to calculate how far the knowledge gained by one, two, 
three, or four, preliminary uniformity trials would be effective in reducing 
the residual variance (that is, what remained after the variance that 
could legitimately be taken out of the total by suitable methods of 
‘‘local control”), by which the significance of the results would be judged. 

There appeared to be two printer’s errors in the paper from which 
the figures were taken: with Field A 2 the yields given for the year 1908 
add up to 3010 instead of 3000: reference to the Fig. 6 given there 
seemed to indicate that the excess lay in row 3 and eventually it was 
decided to reduce plots 3 c and 3 / to 96 and 84 respectively: again, with 
Field E 2 in 1908, column 10 sums to 791 instead of 786 as shown: re- 
ference to Fig. 13 indicated that the yield of plot 10# should probably 
have been 92 instead of 97. These two slight changes in the data could, 
of course, have no appreciable effect on the results. 

Field A 2 . The following table shows the arrangement of the plots 
on this field, together with their yields in the supposedly experimental 
year (1911): the thick lines divide the area into 5 blocks of 6 plots each, 
suitable for testing six different treatments. These would be assigned to 
the particular plots wholly at random, with the one restriction that each 
treatment must occur once in each block: the letters show an arrange- 
ment arrived at in this way with treatments denoted by the ltd tors 
A to F — obtained by entering the letters separately on to six cards, and 
then shuffling them thoroughly for each block, and writing them down 
in the order in which the cards were found: since these are dummies 
they are left out in the working, and only referred to later as an example 
of the way in which previous information would be used. 


I) 

A 

B 

D 

C 

F 

ios 

101 

95 

104 

109 

115 

c 

C 

E 

A 

D 

E 

98 

102 

97 

111 

109 

104 

F 

E 

F 

C 

B 

A 

94 

106 

96 

95 

112 

94 

0 

B 

E 

C 

F 

B 

90 

111 

100 

96 

99 

86 

D 

A 

F 

A 

E 

D 

95 

105 

101 

90 

98 

84 


Using the methods evolved by Dr Fisher (2), the variance in this year 
was analysed in the following way : 
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Sum of tlie squares of the yields on 30 plots — 301 ,730. 

Sum of the squares of the 5 block totals — ] ,804,082. 

From these the sums of the squares of the deviations were calculated as 
Total - H (y - yf = 301,730 - 30 x I00 2 - 1730. 

Between blocks = OS (y 1 - y f = 6 x j, 2 (1,804,082 - 5 x GOO 4 ) =- G80-333, 
giving the following analysis: 


Degivos of 
frmlom 

Between blocks 4 

Within blocks 25 

Total 29 


Sum of the 

square's Variance 

680-333 170-083 

1040-007 41 *987 

1730-000 59-055 


8.1). Log, S.D. 

130416 2-5683 

6- 4798 1-8687 

7- 7237 — 


If, then, 1911 stood by itself the variance of 1 plot due to experi- 
mental error would be 41*987, and the significance of the differences 
between means of 5 replicates would be judged by comparing them to 

/5T4l'-W 

.y/ ------ — . It is seen that the restriction imposed by the block 


method of local control has been successful in reducing the variance 
from 59*055 to 41*987: comparing the variance between blocks with 
that within blocks, 2 0*0990, which, with n t 4 , v 2 ~ 25, gives a 
value of P lying between 0*01 and 0*05, showing that there were real 
differences between the average fertility of the blocks. 

Treating the other years similarly, the variances within the blocks 
were found to be as follows: 


1910 

Mean, 1909-1910 ... 

„ 1908-9-10 ... 

„ 1907 8-9-10... 


82*947 

29*343 

37*785 

28*705 


The sum of the products of the yields in any of these and the yields 
in 1911 can be found exactly similarly to the sum of the squares in any 
one year, and, having subtracted that between blocks from the total, 
and divided by 25, the following covariances w T ere found within the 
blocks ; 


1910 x 1911 
1909-10 x 1911 ... 

1908-9-10 x 1911 ... 
1907-8-9-10 x 1911 


+ 38*020 
+ 25*133 
+ 31*053 
+ 26*347 
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Substituting the 1910 (x) and 1911 (y) figures in the formula given 
above, we obtain 

(38-020) 2 




82-947 


- 24-560. 


If, however, yields are to be corrected by a linear regression, one more 
degree of freedom is used up, and consequently we have, finally 


V irx - 24-560 x 


25 

24 


25*583. 


Thus the variance of y - bx is some 40 per cent, less than that of y : 
the precision obtained by correcting for the 1910 yields can be com- 
pared to that of 1911 alone by considering the number of replicates 
that would be necessary to reduce the variance of the mean to the same 
point in each case: these are clearly in the proportion 25-583 : 41-987, 
that is as 1 : 1 -642. 

The full results obtained with this field were as follows: 


Trial years (,r) 

1 y • x 

Relative precision 

Gain in precision 



41-987 

1-000 

— 

1910 

25-583 

1-042 

0-042 

1909-10 

21-311 

1-909 

0-327 

1908-9-10 

17-152 

2-445 

0-470 

1907-8-9-10 

18-547 

2-202 

- 0-183 

There is a progressive 

lowering 

of the value of V y . r 

as one, two and 


three previous years are taken into consideration, until a point is reached 
at which the experiment is nearly 2| times as exact as if no previous 
uniformity trials had been carried out: the inclusion of J 907 does not, 
however, improve on this, giving, in fact, a slightly higher value. The 
year 1909 is of some special interest as then the field carried the same 
crop (barley) as in the supposedly experimental year: taking only that 
one into consideration V v . x was found to be 35*904, so that a different 
crop in the preceding year was a much better basis for correction than 
the same crop two years before. 

Field E 2 . By putting 2 strips together as mentioned above, the 
plots in this field were reduced to 04, and were in the form of an 8 by 8 
sApumv. V\\X\ wvw\\ pVAn experiment might be set out in. the form ol 
a "Latin square, or simply by dividing into 8 blocks ol 8 plots each, and 
the efficacy of previous uniformity trials was tested under both of these 
arrangements. Taking the Latin square first, the simple addition of the 
squares of the 1909 yields gave the following: 

64 plots 2,566,204 

Totals of 8 columns 20,517,636 

Totals of 8 rows 20,482,768 
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Then, since the mean plot yield was 200 and the mean total yield of 
rows and columns 1600, we have the following as the contributions to 
the sum of the squares: 

Total - 2,500,204 - 04 x 200 2 = 6204 

Columns - J (20,517,636 - 8 x 1600 2 ) - 4704-5 

Hows - l (20,482,768 - 8 x 1600 2 ) = 346 
giving the following analysis 



Degrees of 

Sum of the 





freedom 

squares 

Variance 

S.D. 

Log, S.D. 

Between columns 

7 

4704-5 

672-071 

25-9244 

3-2553 

Between rows 

7 

346-0 

49-429 

7-0306 

1-9503 

Error 

49 

1 153-5 

23-541 

4-8519 

1-5794 

Total 

63 

6204-0 

98-476 

9-9235 

— 


The effect of correcting y for x by linear regression on the variance 
ascribable to experimental error, in the case of this arrangement on 
this field, was as follows: 


Trial years (.r) 

1908 

1907-8 

1906-7-8 


V v . x 

23-541 

23-129 

23-737 

23-981 


J -000 
1-018 
0-992 
0-981 


0-018 
- 0-026 
- 0-011 


It is clear that iu this field the plots did not tend to keep their 
relative yield positions from year to year, so that uniformity trials could 
serve no useful purpose to correct the yields under experiment: there 
was in fact a slight loss in precision in the last two cases, which arose 
by the elimination of one more degree of freedom, for if the covariance 
is zero, V y . x will obviously be V y x 

hi the above case a large part of the sum of squares was taken out 
in the columns, so that it would appear possible that previous informa- 
tion might have been valuable if the experiment had been planned on 
the block system, though that design itself would not have been so 
efficient: with 8 blocks of 8 plots each, however, there was again no 
reduction of variance by correction for previous yields: 


Trial years (.r) V v . x 

— 42-571 

1908 41*106 

1907-8 42*088 

1906-7-8 42*989 


Relative precision 
1-000 
1*035 
1*011 
0-990 


Gain in precision 

0-035 

- 0-024 

- 0-021 


It will be noticed that the variances are much larger in this case, 
showing that the Latin square method of local control would be 
much more effective than that of blocks — though 2 strips (2 columns ) 
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were taken together there yet remained a large variation across that 
direction. 

With the original 128 plots of this field it is unlikely that any experi- 
ment would have been laid down with no local control, either by strips 
or by blocks: if, however, treatments had been completely randomised 
over the whole field, so that the fertility oscillation in the columns could 
not have been taken out, the experiment would have lost much in 
precision, but a considerable proportion would have been retrieved by 
taking the regression on previous uniformity trials into account: for all 
the deviations caused by soil variations would have gone into error, and, 
as the relative yields of the plots in the odd numbered columns were 
consistently high, whilst those in the even numbered columns were low, 
a large part of that variance would be eliminated in calculating V y . x 
from V v . This serves to emphasise the point that uniformity trials will 
be more effective in increasing precision in subsequent experiments on 
very irregular soils, and where local fluctuations are not adequately 
controlled by the design of the experiment. 


Experimental trial. 

Although preliminary uniformity trials would be futile on Field E 2 
(that is, if reasonable experimental methods were adopted), they would 
give valuable information on Field A 2 , as it appears that there were 
variations between individual plots (as distinct from those between 
blocks or strips) of a more or less constant nature — though as to whether 
this was a matter of plant food, soil texture, drainage, etc., we have no 
information. The greatest reduction of the variance due to error was 
given by correction from the yields in the previous three years, so that it 
was thought desirable to see exactly how the inclusion of this regression 
would affect the analysis : the random distribution of six dummy treat- 
ments is shown on p. 66. The regression of y on x is given by "" 

38-682 


which in this case takes the value 


41-84645 


or 0-92438. 


F ’ 
The various 


treatments gave: 


• 

Mean plot yield (y) 

Mean yield of same plots 
in 1908-9-10 (x) 

(y - bx) 

A 

100-2 

98-2 

9-4 

B 

100-4 

98-8 

9-1 

C 

98-4 

100-47 

5-5 

D 

99-0 

100-2 

6-4 

E 

101-0 

103-8 

5*0 

F 

101-0 

98-53 

9-9 


For actual yields the greatest difference is between E or F and C, 
and amounts to 2*6: with corrected yields it is seen that E was favoured 
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by the soil allotted to it, and that it actually evoked the least response, 
differing from F by 4-9. 

Neglecting, at first, the regression, the analysis of variance (of y) is 
as follows: 



Degrees of 
freedom 

Sum of the 
squares 

Variance 

8.1). 

Log, S.D. 

Between blocks 

4 

(180-333 

170-083 

13-0416 

2-5683 

Between treatments 

5 

28-800 

5-760 

2-4000 

0-8755 

Error 

20 

1020-867 

51-0435 

7-1445 

1-9663 

Total 

29 

1730000 

59-655 

7-7237 

— 


The random distribution of treatments has been peculiar in giving 
such small differences: comparing the treatment variance with that due 
to error, z = — 1*0908, which, with n x = 20 and n 2 — 5, gives a value 
of P lying between 0*01 and 0*05, showing that such evenness would, be 
given by chance less than 5 times in 100: since practically nothing is 
taken out by treatment, and 5 degrees of freedom are sacrificed to it, 
the variance due to error is raised. 

The variance of (y — bx) may be determined directly by preparing 
a fresh table, giving instead of the experimental yield of each plot the 
value of (?/ — bx), and by obtaining and analysing the sum of the scpiares 
from these new figures. Alternatively it may be derived from tables 
already calculated for the analysis of the variance of y, and of x, and of 
the covariance of xy\ each of these will contain four rows -one showing 
the variance (or covariance) between blocks, one between treatments 
(these of course will always be purely hypothetical in the case of x), 
one for experimental error, and one for the total. For the compound 
observation (y — bx) we have 

S (; y - bx) 2 ^ S (tf) - 2 bS (xy) + b\S (z 2 ), 

so that- the new table can be constructed by applying this formula to 
the other three tables, row for row all through. Since (y — bx) contains one 
statistic (b) already obtained from the data, the total number of degrees 
of freedom will be reduced from 29 to 28, and, as b has been calculated 
from the figures for error, this one degree of freedom will be taken from 
that row. In this way the following analysis of the variance of (y — bx) 
was obtained : 



Degrees of 
freedom 

Sum of the 
squares 

Variance 

S.D. 

Log, S.D. 

Between blocks 

4 

53M33 

132-783 

11-5230 

2-4444 

Between treatments 

5 

115-854 

23-171 

4-8136 

1-6715 

Error 

19 

305-727 

16-0909 

4-0113 

1-3890 

Total 

28 

952-714 

34-0255 

5-8331 

— 
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In this case our random distribution of treatments shows no pecu- 
liarities, the treatment variance agreeing closely with that due to error. 

The comparative efficiency in the two cases can be seen from the 
following : 

Without regression With regression 

Variance of 1 plot 51 0435 16-0909 

Variance cliff, of means of 5 plots 20*4174 6*4364 

S.E 4*5186 2*5370 

A table of t shows that P = 0-01 when t — 2-845 with 20 degrees of 
freedom, and when / ; =- 2-861 with 19 degrees of freedom, so that a 
difference of 12-86 would be needed for this standard of significance 
where the regression was not introduced, but only one of 7-26 when 
that part of the variance accounted for by it was eliminated. As shown 
by the values of z in the two cases, the former is not approached by any 
of the differences between the treatment means, neither is the latter 
by any of the differences between the mean values of (// — hx) : this was 
to be expected since the treatments were dummies, but had real treat- 
ments been carried out it will be seen that the use of the regression 
would have materially increased the exactitude of the comparison ---in 
fact under the latter conditions 6 replicates would have provided as 
precise information as 19 would have done if the experimental year gave 
our only measure of the productivity of the plots. This present insertion 
of hypothetical treatments into the data shows a greater increase in 
precision than indicated by the value of V v . x on p. 68, where the 
relative accuracy in the case of these three preliminary trials was shown 
to be as 1 : 2-445: the discrepancy arises in the chance distribution of 
the treatments over the plots, and the value given there for V y . x is the 
more definite, for that shows what would be the average figure, if a 
large number of trials with dummy treatments, such as the present, 
were carried out. 

In this instance the gain is very considerable, and it is possible that 
under certain circumstances (e.g. with a restricted area, or where little 
assistance was available at any one time) it might repay the labour of 
three years uniformity trials, even though it would increase the work four- 
fold and the precision but little more than three-fold: such a result must 
not however be expected in all cases, for with Field E 2 , as shown above, 
the yields under previous trials would be quite ineffective as a basis 
for correction. The final decision of this question of the value of uni- 
formity trials in this direction must await the analyses of a number of 
series of uniformity trials carried out on other fields, and it will vary 
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in each particular case according to the degree of soil heterogeneity of 
the experimental area, and the adequacy of the methods of local control 
that are adopted: it is thought however that the present results, meagre 
though they are, suffice to indicate that in some cases appreciable 
advances might possibly be made along this line. 

Summary. 

The question attacked is whether soil variations are sufficiently 
constant from year to year to give useful corrections to the yields of 
experimental plots from their yields under previous uniformity trials, 
and the data investigated were the published results of uniformity trials 
carried out on two fields at Aarslev (Denmark) between J 900 and 1911. 
In one case the plots (lid tend to keep constant in their relative yields, 
and the precision of an experiment would be increased by nearly 150 per 
cent, if the regression on the mean yield in the three previous years were 
used: with the other field, however, the plots showed no constancy in 
yield (when the variation due to strips was taken out as in modern 
experimental methods), and consequently previous uniformity trials 
could give no assistance. 

The work described here was done whilst I was enjoying the hospi- 
tality of the Rothamsted Laboratory: it gives me much pleasure to 
acknowledge my great indebtedness to Dr R. A. Fisher, F.R.S., who 
suggested the problem, and guided my unsteady steps throughout. 
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(Communicated by Sir James Jeans. Sec. R.S. — Received August 21, 1928.) 

1. Introductory. 

Of the problems of the exact distribution of statistics in common use that 
of the multiple correlation coefficient is the last to have resisted solution. It 
will be seen that the solution introduces an extensive group of distributions, 
occurring naturally in the most diverse types of statistical investigation, and 
which in their mere mathematical structure supply an extension in a new 
direction of the entire system of distributions previously obtained, which in 
their generality underlie the analysis of variance. The individual distributions 
of this system were in each case obtained by the exact investigation of a 
particular problem. It was realised only gradually that many of these distri- 
butions, disguised by the different notations appropriate to different problems, 
were in reality equivalent, and could be made available in practice by a single 
system of tables. The remaining cases, with the notable exception of the 
correlation coefficient, then fall into place as particular limiting forms of a 
single general distribution. As the practical utility of these earlier solutions 
depends greatly on a recognition of their place in a single system, a very brief 
account of their mutual relationship may be given. 

The only statistic derived from samples of a continuous variate, of which the 
distribution was known before the present century, appears to be the arithmetic 
mean of a sample drawn from the normal distribution. In addition, however, 
two distributions which may be regarded as distributions of statistics had also 
been found, namely, Bernoulli's binominal distribution, and Poisson's series. 
Both of these distributions possess the property that the aggregate of the 
values of a sample is itself distributed in a distribution of the same type. In 
all three classical cases, therefore, the distribution of the statistic derived from 
a finite sample was known only by a mathematical simplification of this special 
type. In all other cases, approximations of unknown accuracy based on the 
use of the standard error and the assumption of normal distributions had 
perforce to be used. 
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In 1908 “ Student ”* attacked the problem of the distribution of the mean 
of a normal sample measured, as in practice it must usually be, in terms of 
the standard error as estimated from the same sample. He was thus inci- 
dentally led to the equally fundamental distribution of the variance of a normal 
sample. This latter, to which the general distribution of the analysis of 
variance degenerates when n 2 tends to infinity, is in reality equivalent to the 
distribution found by Pearsont in 1900 for the y 2 measure of discrepancy 
developed for testing goodness of fit. From this “ Student ” was able to 
derive the exact distribution (the distribution of t) of the mean of a unique 
sample, which as subsequently appeared falls into the same system with 
Uj = 1. The two principal limiting forms of the general distribution were 
thus known in 1908, and were available for practical application by means of 
Elderton'sJ and Student's ”* first tables. 

In 1915 the distribution of the coefficient of correlation was obtained § by a 
use of Euclidean hyper-space similar to that employed below. The same 
method served at the same time to put " Student’s ” results upon a rigorous 
basis. The distribution of the correlation coefficient stands outside the 
analysis of variance system, but, as will be seen in the present paper, it is 
brought into coherent connection with it by the distribution of the coefficient 
of multiple correlation. When, however, the corresponding distribution of 
the intraclass correlation was obtained] j, the distribution found was of a new 
and different type, which, as subsequently appeared, was the general distribu- 
tion of the analysis of variance, in which the variance is analysed into two 
parts representing that within and that between the classes or “ fraternities ” 
of which the data are composed. This was the first instance of the general 
distribution which from the notation there used is distinguished as the distri- 
bution of c. 

The recognition of the fundamental importance of the two parameters, 
/q and n 2 , which specify the numbers of degrees of freedom in the two estimates 
of variance to be compared, and the recognition of the distribution of y 2 as 
equivalent to that of an estimate of variance led, in 1922 and the following two 
years, T[ to the demonstration that it is always the number of degrees of freedom 

* ‘ Biometrika,’ vol. 6, p. 1 (1908). 

f 4 Phil. Mag.,’ vol. 50, p. 157 (1900). 

t ‘ Biometrika,’ vol. 1, p. 155 (1902): 

§ Fisher, 4 Biometrika,’ vol. 10, p. 507 (1915). 

II * Metron.,’ vol. 1, No. 4, p. 1 (1921). 

U ‘ J. R. Stat. Soc.,’ vol. 85, p. 87 (1922) ; ‘ Economica,’ vol. 3, p. 139 (1923) ; ‘ J. R. 
Stat. Soc.,’ vol. 87, p. 442 (1924). 
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which is to be used in applying the test of goodness of fit. The further proof 
that the test is only valid when the methods of estimation employed have 
been efficient , binds the theory of goodness of fit closely to that or estimation 
in the development of which the exact distribution of statistics play an essential 
part.* 

Meanwhile,')* a solution of the exact distribution of y 2 when applied to test 
the goodness of fit of regression formulae had shown that a modification was 
required in this case, which, in fact, involved dropping the approximate assump- 
tion that n 2 was infinite, and reduced the general distribution to the same form 
as that already found in the study of intraclass correlation. At the same time, 
the distribution of the correlation ratio, v), derived from uncorrelated material, 
was shown to belong to the same class with m, equal to one less than the number 
of arrays ; and the distribution of regression coefficients, whether total or 
partial, and whether employed in a linear or a non-linear formula, were shown 
to conform to “ Student’s ” distribution. The solution of the distribution 
of the correlation ratio rj really included also that of the multiple correlation 
coefficient for samples drawn from uncorrelated material, the distribution of 
which was given in its appropriate notation in 1 924. J 

In the same year§ it was found possible to use the representation in hyper- 
space to demonstrate that the distribution of the partial correlation coefficients 
is exactly the same as that- primarily found for the total correlation, provided 
that unity is deducted from the sample, number for each variate eliminated. 

Each distinct type of distribution found lias thus occurred repeatedly in 
different investigations ; whereas, however, nearly all cases are reducible to 
a common type capable of exact treatment by the same simple arithmetical 
procedure, 1 1 and requiring the same fundamental table, the distribution of the 
(intraclass) correlation coefficient, total or partial, stood aside from the main 
system, and was capable of only an approximate treatment by using the 
distribution of z. 

The distribution of the multiple correlation coefficient, apart from the 
practical necessity of applying t o observed results sufficiently exact tests of sig- 
nificance, is thus of great theoretical interest owing to the close connection which 
must exist between it and the simple correlation coefficient, on the one hand, 
and, on the other, to the form already obtained from uncorrelated material. 

* 1 Phil. Trans.,’ A, voi. 222, p. 309 (1922). 

f ‘ J. K. 8 tat. Soc.,* vol. 85, p. 597 (1922). 

J ‘ Phil. Trans.,’ B, voi. 213, p. 89 (1924). 

§ ‘ Mctron.,’ vol. 3, p. 329 (1924). 

JJ ‘ Statistical Methods for Research Workers,’ 2nd ed., Oliver & Boyd, Edinburgh, 1928* 
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The latter solution involves, besides the variate and frequency, the two 
parameters /q and &nd is therefore a functional relation between four 
variables. The new solution necessarily involves also the multiple correlation 
in the population sampled, making a fifth variable ; complete tabulation of 
the results would thus require a table of fourfold entry ; even confining 
attention to specified points of special importance, such as the 5 per cent, and 
1 per cent, points, a procedure that has made tabulation practicable for the 
distribution of z, we should still have tables of triple entry. The problem of 
adequate tabulation is certainly not insurmountable, but to ascertain the 
proper method to adopt in its presentation will require further study of the 
nature of the function. The table of the 5 per cent, points of the distribution 
of B (Section 5) should in the* author’s opinion provide sufficient guidance for 
the greater number of practical applications. 


2. Method of Solution. 

The primary problem of the sampling distribution of the correlation co- 
efficient between two variates, x and y. was originally solved by interpreting the 
n individual values of either variate appearing in the sample as the co-ordinates 
of a point in Euclidean space of n dimensions. It then easily appeared that 
the correlation coefficient between the variates was the cosine of the angle 
between the two radii vectores drawn from the origin to points, the co-ordinates 
of which represented the deviations from the mean of the sample of the two 
variates concerned. 

The frequency with which >\ the observed correlation coefficient, falls in 
any infinitesimal range dr may be usefully thought of as the product of two 
factors, one being the generalised volume in which the second sample point 
may lie so that the correlation may fall within the assigned range, this value 
being independent of the cone ‘rational properties of the population sampled, 
while the second is a factor by which the frequency density in any element of 
volume is modified by the correlation between x and y in the population. 
With zero correlation in the population, the frequency density at any point 
depends only on its distance from the origin, and since for any given distance 
the point is free to move over a sphere in (n — 1) dimensions, one dimension 
having been eliminated by using the sample mean as origin, it is easy to see 
that for this case the frequency distribution of r is given by 




r*(*-8)]i _ n 

[£ (n — 4)] ! \/n 


— r 2 )*<«-*) dr. 
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The general solution of the primary problem* 

df = (l _ p 2)4 ("-» (l _ r 2)l <»- 1 > f 

n Jo 

may be written with advantage 


dz 


(cosh z — pr) 1 


— . dr, 

,n~ 1 ’ 


df- 


[| (w — 3)] ! _ ^ („_ i) 


L| (n— 4)] ! yu 


x Li (n — 2)1 ! (1 

ti (n — 3)] l^/n 


p 2 )' <" ') j 


dz 


(cosh z — p r) w 


The second factor then represents the effect upon the frequency density, in 
the region represented by dr, of a correlation p in the sampled population : 
the numerical part of this factor is merely such as to reduce it to unity when 
P “ 0* 

With multiple correlations we are concerned with the correlations between 
a dependent variate y , and a number of independent variates, x v x 2 , ... . x ni , 
and, moreover, with the correlations of the latter among themselves. It was 
not at first obvious that the sampling distribution did not involve this whole 
matrix of correlations, in which case, even if it could be determined, it would 
be of no practical use. The argument, by which it can be seen to depend from 
only a single parameter of the population, is therefore of special interest, 
as by its general character it is applicable to a number of statistical problems, 
and leads in this case directly to the solution. 

The multiple correlation of y with x v x 2 , ... , x m is the correlation between y 
and that linear function of x v x 2 , , x ni with which its correlation is highest. 

If, therefore, for the dependent variates, x , we substitute an equal number of 
new variates, £, defined as linear functions of the n x variates, x, then the 
multiple correlation in the population, and in every sample from it, will remain 
unchanged. In particular we may choose as % l9 that linear function the corre- 
lation of which with yin the population sampled is highest, and for the remaining 
variates, £, we can choose linear functions of x , uncorrelated with or with 
each other.* In choosing the last of these we have no more than n x — 1 con- 
ditions to be satisfied by the ratios of n x coefficients. If this is done it is easy 
to see, or to demonstrate, that all of the variates except have zero corre- 
lation with y. Using the variates 5 the sampling distribution of the multiple 
correlation R can only depend on the correlation in the population sampled 
between £i and y, namely, on the multiple correlation in the population 
sampled, which we may designate by p. 

* Fisher, * Biometrika,’ vol. 10, p. 507 (1915). 
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The geometrical interpretation of the multiple correlation coefficient R is 
that it is the cosine of the angle between the radius vector of the dependent 
variate y and the planar region including the radii vectores of the n v independent 
variates ; its distribution when p = 0, which depends only on the geometrical 
elements of volume, has been thus shown* to be 


df = 


[* (*i + ^2 - 2)] ! 

[* (n 1 -2)]![*(n 2 -2)]! 


m 




(1 - R 2 )* ("»-*) d (R 2 ), 


where n, the sample number, is replaced by n x + n 2 -f- 1 ; but in what way 
this distribution is modified when p is not zero has been hitherto entirely 

unknown. 

It is evident, however, that since we have reduced the problem of the 
multiple correlation coefficient to one involving only a single correlation, the 
frequency density of any configuration will be affected merely by a factor 

[j (r — -)] • q p 2 \i(»-n f dz 

[ i (n — 3)]\\/n J _ „ (cosh z — pr) n ~~ l ’ 


in which r is the correlation in the sample between y and ^ ; this factor will, 
however, vary, because r varies in the different configurations which give rise 
to the same value of R. Consider now a third variate, Y, representing the 
linear function of the independent variates which in the sample is most closely 
correlated with y , or, in other words, the prediction formula for y. Its corre- 
lation with £i we may represent by cos and since the partial correlation of 
y with (or any other linear function of the independent variates) when Y is 
eliminated, must be zero, it is evident that 


r = R cos tj/. 

For a given value of therefore, the density factor is constant in the different 
configurations which give the same value of R, but, in the absence of corre- 
lation, the frequency with which y falls in the range dty is evidently 


[*(*1-2)3 


; sm 


“ 2 ; 


[* («, — 3)]! VV 

hence integrating over all values of the density factor becomes 


a — p fll 

7T 




[& ( W 1 + w 2 — 1)] ; 

[i («i+»2 — 2)]! 


X 


» — 2 )] ! 
»("!-»)]« 



sin ni 2 ^ . dz 

(cosh z — pR cos ^) Wl+,,j * 


* Fisher, ‘Phil. Trans.,’ B, vol. 213, p. 89 (1924). 



R A. Fisher. 


GGO 


and the complete expression for the distribution of R is 


if .. Mh + ns ~ D3 ! (1 ~ P 2 ) i( "‘ ■" i> 

J [*(«,- 2)] ![*(»,- 3)] f w 

X (R2)i(»,-2)(1 f 

Jo J - 00 


sin W| 2 ^ . dz 
(cosh z — pR cos 


3. The Hypergeometric Form. 

Apart from the factor, 

(l_pty (*. + ».>, 

the density factor may be reduced to a hypergeometric function. For in the 
expression, 

_L [jK + »2-l)]! [jK-2)]! r rf , r sin"'- 2 j • dz 
n ‘ [\ K + n 2 — 2)] ! [£ (n x — 3)] ! J ( , Y J . x (cosh z — pR cos ' 

the integrand may be expanded in the uniformly convergent series 

v (w t + Wjj -+ — 1) ! cos 21 j, sin”-- 2 1 , 2R2 y 

o K + n 2 — 1) ! (2 1 ) ! * cosh Wl+Ma+2f z ' 

in which the odd powers of cos J/, which evidently disappear on integration, 
have been omitted. Remembering now that 


cos 2< y sin' 


itf-— j. jj. = a . t 8 * - mi »>i 1 . 

ft K -j- 2 t — 2)] ! 


and 


dz 


=- ft K n 2 ~t~ 2/ — 2)] ! Vte 

J cosh ni+B * +2J 2 ' [\ (n x + n 2 + 2t- 1)] ! 3 

we have a power series for the integral, which may be written 


_ ftK" 2 )1 ! v ft(ni + n a + »^2)l ! 2 , . 
ft K + n 2 - 2)] ! 2 t ! [J K + 2t - 2)]! h 
or 

Fft(w, + n a ), IK + nj, ln v p 2 R 2 ], 
so that the distribution of R obtained in section 2 takes the form 


^ 1 ~ P 2 }* ( " 1+ ”‘ > (%+w 2 ), 1K+» 2 ),K P 2 R 2 ] 


x (R 2 ) i(n ‘- 2 > ( 1 _ R*)*(».-2) d (R»). (A) 
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2 n 2< 


\n 2 , Jtoj, p 2 R 2 ), 


4. Elementary Cases. 

4.1. When n 2 is even.— When n 2 is even the identity, 

F [£ ( n l + W 2 ), \ ('«J + Mo), |m x , p 2 R 2 | 

-- (1 _ p*Ra)-i(».+2»,) _ JT 

-gives a terminating series. 

Thus, when n 2 — 2, we have the series of distributions 

df=(l — P 2 )i <"*+-> (] p»R«)-J(«,+4) ( % + 2p 2 R 2 ) R"-- 1 rfR, 

having the special forms 

(2.2) df = (1 - p 2 ) 2 (2 + 2p 2 R 2 ) (1 - p 2 R 2 ) 3 . R dli, 

(3.2) rf/ = (1 - p 2 ) 5 2 (3 + 2p 2 R 2 )/(l - p 2 R 2 ) 7/ ' 2 . R 2 rfR, 

(4.2) rf/ = ( I — p 2 ) 3 (4 + 2p 2 R 2 )/(l - p 2 R 2 ) 4 . R 3 rfR 

when Hj is 2. 3 and 4. 

When Mo = 4, we have a somewhat less simple series of distributions 

pJjlOii 1 1) 




2 (1 p 2 )-'" _ j ' | ■n 1 ( n 1 ±2) »vf2 p2R 2 +p 4 R 4 ] R" -2 (i_R2) rf (R 2 ), 


2 . 4 


and when w 2 = 6, a series which may be written 

3(1 — p2)i<>'--< «) | Th ± 2 ) («, + 4) (m, + 2) (m, + 4) 2R2 

J (1 — p 2 R 2 ) 4 <”^ > 2.4.6 h 2.4 P 

+ 3^±i p 4 R 4 + p f ’R 6 [ R"‘- 2 (1 - R 2 ) 2 rf (R 2 ), 


an expression in which the general method of formation of the terms is readily 
seen. 

4.2. When n x and n 2 are both odd. — A second group of cases in which the 
frequency element is expressible in finite terms in elementary functions occurs 
when both n x and n 2 are odd. If, for example, we put n L = 3 in the expression 

rd* r , 

Jo ■ J (cosh Z — pR COS t];)*'*"' 
and integrate with respect to cos we obtain 

[°° * — — {(cosh 2 — pR)- ( ”' +2) — (cosh z + pR) _n,+2 }, 

J (n 2 + 2) pR 

a form of integral which, as was shown in the case of the simple correlation 
coefficient*, is expressible in finite terms by the aid of the circular functions. 

♦ Fisher, * Biometrika,’ vol. 10, p. 507 (1915). 
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dz _ 20 

, cosh z — pR sin 0 ’ 


where cos 0 == — pR, and 0 does not exceed the bounds 0 to n ; hence 

r dz __ 2 ( d \ w>+] 0 

J (cosh z — pR)” s+ “ (n 2 + 1 ) l d cos 0 sin 0 ’ 

and therefore, if n 2 is odd, 


(n 2 + 2) pR 


f {(cosh z — pR) (Wa ' f 2) — (cosh z + pR)“ ( "»‘*' 2) } dz 
J —00 


4 / d 1 sin 1 pR 

“ (» 2 + 2) ! pR [ dlpR)l Vl - P 2 R 2 * 

Hence for the determination of the simpler distributions of this series we 
require 

( ~ — -r— ; + 3 tan <j> -j- 3 tan 2 (f>) 

cos (f>d<l>; cos </> cos 3 <f> r r i v r/ 

( r-r I* — — = — V-rW + 55C + 90^ 2 + 105< 3 + 105^ 4 ) 

COB COS COS D (f> T 

I 4-r, f —^"7 = -4-7 (25<£ + 231« + 525dt 2 + 1190C 3 

cos (pd<p 1 cos 0 cos 7 <f> 


1575 <j>t* + 1155* 5 + 1155#*, 


which lead directly to the distributions, 


(3.1) <// = i(l - p 2 ) 2 (1 - R 2 )~ s (1 - p 2 R 2 )~ 2 {3 + « (1 + 2p 2 R 2 )} R 2 dR, 

7t 


in which a stands for 

p r vi -?r* = 1 + * p2R2 +o p4R4+ - ad inf - 

(3.3) df = i- (1 - p 2 ) 3 (1 - R 2 )* (1 - p 2 R 2 )~ 4 R 2 rfR 
4tc 

X {5 (11 + 10p 2 R 2 ) + 3a (3 + 24p 2 R 2 + 8p 4 R 4 )}, 
(3.5) df = i- (1 - p 2 ) 4 (1 - R 2 ) 8 / 2 (1 - p 2 R 2 )" 8 R 2 dR 

07C 

X {7 (33 + 104p 2 R 2 + 28p 4 R 4 ) + 5^(5 + 90p 2 R 2 + 120p 4 R 4 + 16p 8 R 8 )}. 
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A similar process of integration is available for other odd values of n x ; for 
Wj = 5 we have the distributions 


(5.1) df = A- 2 (l _ p2)3 (1 _ R2)-i (1 _ p2R2)-3 R 2 dR 

X {1 + 14p 2 R 2 + a (- 1 + 8p 2 R 2 + 8p«R*)}. 

(5.3) df = g~r>(l - P 2 ) 4 - R 2 ) 4 (1 - p 2 R 2 ) -5 R 2 dR 

X {1 + 68p 2 R 2 + 36p 4 R 4 + a (- 1 + 18p 2 R 2 + 72p 4 R 4 + 16p 8 R*)}. 
df= rj~" s (l - P 2 ) 6 (1 - R 2 ) 8/2 (1 - p 2 R 2 ) -7 R 2 rfR 

O^ITp* 

(5.5) X {25 + 4G78p ? R 2 + 8664p 4 R 4 + 1648p°R 6 

+ a (— 25 + 800 p 2 R 2 + 7200p 4 R 4 + 6400p 6 R e + 640p 8 R 8 )}. 


The polynomial coefficient of a in the hypergeometric function is itself easily 
expressed in terms of a function of this sort, in the forms 

3 ' — (—p 2 W)~ i(H, ~ s) F[-*(«,+%-2), *(*,+*,-2), 

\ (2 — nj), p 2 R*], 

(p 2 R 2 ) { ("’ +| ) F I 


or 


Hi — 2 


2.4... (w 5 +n 2 — 2) 


__ 12 
2 ’ 


n 1 +n 2 — 1 2 1 

2 ' ’ p 2 R 2 


from this the remainder may in any particular case be found fairly easily by 
equating coefficients in the initial terms of the expansion of 

F ( i K + n 2 ), £ (n, + %), \ n v p 2 R 2 ). 


5. The Problem of Ijxrge Samples . 

Some confusion has been caused by the fact that, while for any finite value 
of p, however small, the distribution of R will be normal for a sufficiently 
large sample, yet when p = 0 the distribution is far from normal. The 
approximate distribution appropriate to the theory of large samples, for 
different values of pV n 2> may be found as follows. 

If we write w 2 P 2 — P 2 > W 2 R 2 = B 2 , and allow n<> to increase indefinitely, the 
limiting form taken by the general distribution is 


df= i + j.gg. 

1 [*(%-2)]f 1 + n, 2 


1 p 2 B 2 , ) 


o%i (rii -}~ 2 ) 2 . 4 


d(\ B 2 ), (B) 


which may be written in terms of a Bessel function as 

(B/;p)*<"‘- 2) e-« B ’-' 5,) . J* ( „ x -2) (t'pB) .d(\W). 
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When is odd, these may be reduced to elementary functions ; thus for 
n t = 3, we have 

df= -L= - {e-** 1 '-"* - e -J‘ n+ ^ . (IB, 

J V2ti ? 


an interesting distribution which connects the extreme forms found by making 
P zero for uncorrelated populations, and large for populations with a significant 
though still small correlation. When p = 0, we have 

df = (2/t c)* B 2 exp ( — £B 2 ) dK 

the distribution of x for . 4 > degrees of freedom, while when p is large, B is 
distributed normally about p, in the form 

df = (2tt) exp { — (B — p) 2 } <iti, 

and therefore R is distributed normally about p, with variance which may be 
equated to 1 jn>>. 

When n 1 = 5, the system of distributions is 


if= 7S,V 


and when n, = 7 


+ !l+p)exp{-|(B+f^}} (IB, 


ir= vrJ\( 


1 ik + i4») exp {_ ' (B + (i)2} ! dB ’ 


pB p 2 B 2 

In the cases in which Uj is even, the probability of exceeding a given value B 
may be written 

/j n2t 

2“ ' ( " 1 *6-* L ——-. . V . — x n ^ l e-^dx; 


t „ o 2 2 ' . / ! [| 2)]! 

using the fact that when k is odd 


L 2*<»" 


^.[Kt-DT. 

the integral becomes 


s dx ■ 


-hn* 


h+?!+B« , B*~ x ) 

+ 2 '‘2.4^ _ ^ _ 2.4 ... (A: — 1)/’ 


< = .»' ('■ u! ’ 

involving only the terms of two Poisson Series with mean values and JB 2 . 
If t and u be regarded as variates distributed independently in two such series, 
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the probability may be identified with the probability that u should not 
exceed t by or more. 

The distributions developed in this section are limiting forms appropriate 
to large samples, in which exact account is taken of the positive bias of small 
observed multiple correlations ; they will provide at least an approximate 
treatment of those cases of great practical importance in which n 2 does not 
exceed 100, and in which, therefore, the positive bias is prominent for observed 
values of R which are not small. The fact that sampling errors of the simple 
correlation coefficient have been successfully represented by a normal distri- 
bution by means of the transformation z — tonlr 1 r, suggests that pending 
fuller tests than are at present practicable, the transformation 

B = V Hz tanh ' 1 R, ft = V tanlf 1 p, 
will supply tests of significance of precision, sufficient for practical purposes, 
in the important region alluded to. 

Table I (table of B) shows the 5 per cent, points of these distributions, for 


Table of 5 per cent, points of the distribution of B. 


linos: of 

A 

J- 

“* 

:t. 

Valin- of n l 

4. 

5. 

6. 

7. 

0 

1-9600 

2-1477 

2-7955 

3-0802 

3-3272 

3-5485 

3-7500 

0-2 

1-9985 

2-4720 

2-8140 

3-0955 

3-3405 

3-5602 

3-7613 

0-4 

2-1070 

2-5419 

2 • 8680 

3-1405 

3-3790 

3-5951 

3-7930 

0-6 

2-2654 

2-6497 

2-9533 

3-2125 

3-4426 

3-6517 

3-8445 

0-8 

2-4505 

2-7855 

3-0640 

3-3076 

3-5268 

3-7278 

3-9144 

10 

2-6461 

2-9398 

3-1941 

3-4216 

3-6291 

3-8210 

4-0005 

1-2 

2-8451 

3 1059 

3-3386 

3-5505 

3-7462 

3-9289 

4-1008 

1-4 

3-0449 

3-2796 

3-4935 

3-691 J 

3-8750 

4-0491 

4-2134 

1-6 

3-2449 

3-4584 

4-6561 

3 -8108 

4-0148 

4-1796 

4-3363 


3-4449 

3-6410 

3-8246 

3-9978 

4-1620 

4-3184 

4-4681 

2-0 

3 • 6449 

3-8263 

3-9976 

4-1601 

4-3158 

4-4645 

4-6074 

2-2 | 

3-8449 

4-0137 : 

4-1743 

4-3278 

4-4750 ; 

4-6166 

4-7531 

2-4 

4-0449 

4-2027 

4-3539 

4-4990 

4-6388 | 

4-7738 ! 

4-9043 

2-G 

4-2449 

4-3932 

4-5359 

4 • 6735 

4-8065 j 

4-9353 ! 

5-0603 

2-8 

4*4449 | 

4-5847 

4-7199 

; 4-8506 

4-9774 | 

5-1006 

5-2204 

3-0 

4-6449 1 

4-7772 

i i 

4-9055 1 

5-0301 

5-1512 i 

5-2691 i 

5-3840 

3-2 

4-8449 

4-9705 

5-0926 i 

5-2115 

5-3273 j 

5-4404 

5-5508 

3*4 

5-0449 

5-1644 

5-2809 1 

5-3946 

5-5056 j 

5-6142 J 

5-7204 

3-6 

j 5-2449 

5-3589 

5-4703 

5-5792 

5-6857 1 

5-7901 j 

5-8924 

3-8 

5-4449 

5-4914 

5-6006 

5-7650 

5-8675 i 

5-9679 j 

6-0665 

4*0 

5-6449 

5-7493 

5-8516 

5-9521 

6-0506 

0-1475 

| 6*2426 

4-2 

5-8449 

5-9451 

6-0434 

6-1401 

6-2351 

6-3285 

6-4204 

4-4 

6-0449 

6-1412 

6-2359 

6-3290 

6-4200 j 

6-5109 

0-5998 

4-6 

6-2449 

6-3376 

6-4288 

6-5187 

6-6072 I 

6 • 6945 ! 

6-7805 

4-8 

6*4449 

6-5342 

6-6223 

6-7091 

6-7947 l 

1 6-8792 

6-9625 

50 

6-6449 

6-7311 

6-8162 

6-9002 

6-9831 

7-0649 

7-1457 
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values of (3 from 0 to 5 and of % from 1 to 7. The values tabulated are the 
values of B which will be exceeded by chance in 5 per cent, random trials, and 
which therefore give a presumption that (£ is really greater than the value 
postulated. Thus, when n A = 3, it may be seen at a glance that a value 
B = 5*7 indicates that p probably exceeds 3-8. 

For a great part of the labour of constructing this Table 1 am indebted to 
Mr. A. J. Page, T.C.S., whose assistance in my laboratory while on leave has 
thus enabled me to press forward with the theoretical investigation of the new 
distributions. 


6. The Probability Integral . 

For calculations involving finite probabilities of occurrence, including tests 
whether an observed R is or is not- significantly discrepant from a hypothetical 
p, it is not the frequency element but its integral that is required. It is 
fortunate that the frequency distribution we have found when n 2 is even leads 
to a probability integral of a tolerably simple form. 

The frequency element 


n _ 0 2U («*+*,) n, + n 2 -2 f (R 2 )* ( "*- 2) 
v e 1 9 'll _ 9,\l f 


X 


may be written 


2 '[*(»! -2)]! 

[4 (n 2 - 2)] ! 2 ’ 2 ' 2 ’ P J ( ' ’ 


(1 _ p2\i (»,+«.) V [j (w, + w 2 + 2 1 — 2)]! 2 


m 


li (>l,+2l -2) 


[J (^i ^)] • ^ • [£ (^i ~f* 2 1 — 2)] ! 


but if n 0 is even 


. (1 - 

x i(R) ’ 


2 

Ul* 

Ju 


-f~ a 2 -f - 2t — 2 | (R 2 ) 


2) 


(1 - R 2 )* 


(*.- 2) 


’U(«i + 2* — 2)]!* C* (ns — 2)3 ! 


d (R a ) 


IS 


R n,+2( J j + Sl± 1 4 (1 _ R2) 4- ( M < + 2< ) K + 2< + 2) ^ _ R2 ^ + ^ 





4 (n 8 — 2) 

s 

p =0 



Distribution of Multiple Correlation Coefficient. 


G67 


S [1 ( w i + % + 2 1_— 2)] ! 2t [j (% + 2t + 2/) — 2)J ! / R 2\4(n,+2o 
«--o [*(»! + ». -2)]! M P [|(n 1 + 2<-2)]! > 

is 

T>n, [ £ ( w i 4~ — 2)] ! „ I n i + w, -j- 2p w, 2R2 

[* K - 2)] ! ^ 2 ’ 2 ' 2 1 p •' 

or 

ttK + gp-SH i. EL fi'-„ 1. P . R>I 

tiK— 2)]! (l_ p 2R2)lK+-,+2j') l, ’■ 2 ' 2 ’ P '■ 

which terminates in p f- 1 terms, and is equivalent to 

j (» 2 ) | R” 1 (p 2 RT F _ n, + 2p — 2 

[J (tn - 2p)] ! ' (1 - p 2 R 2 ) j ‘"■ + " I+2 *> \ 9 


w i ~ 2 p + 2 J_ 

2 ’ p 2 R 2 


(i«a) ! R "‘ TiM p + w 2 % — g£ + 2 1 

[J(» 8 - 2p)] ! ' (1 - p 2 R 2 )H».+».) 2 ’ 2 ’ 1— p 2 R-‘ 


The probability integral, when w 2 is even, may therefore be written in the 
forms 

a _ M <«.+■.> R " 1 5 ( r S) 2 »1 , 

(1 p) 1 [l(«,-2)]!p! (1 - pW)» <■*+-+*> 

-2», w ;, p a R a ) , 


/ 1 — ? 2 i~ ( "‘ 4 "‘‘’-RU, 1 ' V ( \v (\ n -) 1 (1 _ R2)P 

(wRi 1 R ,?0 (_) [*(«,- W?! ( ’ 


Fi — P. 


w, — 2p + 2 1 

2 ’ 2 ’ 1 - p*R 2 


both of which terminate in ^ (»,, -j- 2) elementary terms. 

8 

When «, 2 = 2, we have the simple probability integral 
{(l_p2)/(l_p2R2)}i<», + 2 > R n * ; 

when = 4, it becomes 


\1 - p a R* 


!L’f"‘ +4> K + i 1 ~ ~ - (1 - 2R 2 )} R"», 

na / I n 1 _2T>2 ' ’ I 


2 1 - p 2 R* 
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and, when = 6, 

j 1 -p 3 \* < B ‘ +6 > f (n, + 6) (w, + 8 ) / 1 — R 3 \» 

' 1 — p 2 R 2 ’ { 2.4 \l-p 3 R 3 ' 

- ^+1 (2 _ 3R 2 ) 1 1 + ( ] - 3R2 + 3R4 ) ! R ’‘'- 

2 1 — p R ) 

It should be observed that the coefficient of {(I — R 2 )/(l p 2 R 2 )}'' is given by 

U (», + W, + 2?) - 2)] ! <l_ I (R 3 + xY"' - R n, | 

[| (mj + w 2 — 2)] ! ! 2 dx“ I -r I 

when x — — 1. 


7. Extension . of the Analysis of Variance. 


Tin*. distribution of the simple correlation coefficient, although one of the 
first sampling distributions to be determined with exactitude*, has 
hitherto occupied a somewhat isolated position. For all the exact distri- 
butions of statistics since discovered have grouped themselves in a single 
system ; they are all amenable to the same technical procedure known as the 
analysis of variance ; and all may be reduced to an equivalent problem of the 
distribution of the difference of the logarithms of two independent estimates of 
variance, based respectively upon n x and n 2 degrees of freedom. 

The distribution of such an estimate sy derived from n 1 degrees of freedom 
is given by 


<v- 


[*(»,- 2)]! 


fi“( Wl e dt v where 


M 1. 

2a 2 


and a is the parameter of which s x is the first estimate. 
If, now, i 2 = u 2 s 2 2 /2g 2 , and 


it follows that 


s - log .V, — log # 2 , 
1 1 = («l/» 2 ) If 


and the simultaneous distribution 


Li(«i-2)J!'‘ ^'L4(«a — 2)] ! * d t 


may be written 


'^f i 


flK-2)]! L* (»« — 2)]!\« s 


nu ov \^ Wl i / i,(i + *».««•) 


dt 2 dz : 


* Fisher, ‘ Biometrika,’ vol. 10, p. 5 07 (1915). 
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this expression may be integrated with respect to t 2 to yield the distribution 
of in the form 

df —2 li (”i + ?h ~ M ! «» 4 "‘ w i*"' en, ‘ d , 

[$(», — 2)]! [4 K - 2)J ! ‘ («a + '« l e 2z ) s, '“ + "* r ’ 

completely independent of the unknown variance. 

By the insertion of the appropriate values of n L and w 2 , including the 
important bounding values of unity and infinity, the appropriate distribution 
of z for the analysis of variance is obtained. In the case, for example, of the 
multiple correlation coefficient drawn from uncorrelated material, n x is equated 
to the number of independent variates, n x + n 2 + 1 to the sample number, and 
2z to 

log (R*/w,) - log (r~R*ln t ). 

It was from the first obvious that this system was capable without formal 
modification of extension to the case in which and .s 2 were estimates of two 
different parameters and <r 2 '» for i u such cases we have only to write 
£ = log — • log g 2 , and the distribution found above will be that appropriate 
to the variate z — 

The new system of distributions found for the multiple correlation coefficient 
derived from correlated material is not only a generalisation of that previously 
found* for the simple correlation coefficient, but provides an extension of a 
different kind from that mentioned above to the analysis of variance. For the 
limiting distribution found in section 5 (distribution of B) may be interpreted 
as the distribution of the sum of the squares of n 1 variates normally distributed 
with equal variance, but not with zero means as in all cases previously discussed. 

To show this, let T = -t- S (x p — a T ) 2 , in which x v ... , x Ml are variates 
2cr p = i 

distributed independently about zero with common variance cr 2 . Let 
5 = S (ax)laS (a 2 ), then £ will be normally distributed about zero with unit 

______ 11 , 

variance, and if we write for T — £ ($ — (a 2 ) A*) 2 or £ S (x?/a 2 ) — ££ 2 , 

which is the sum of the squares of (w 3 — 1 ) quantities independently distributed 
about zero with unit variance, it appears that the distribution of is of the 
familiar form 

(k 2 )‘ < "‘" 8) e-S *‘ d (& 2 )> 

and is independent of that of %, namely (2-) -i e -if * dc,. 

* Fisher, < Bioraetrika,’ vol. 10, p. f>07 (1915). 
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If, now, (1 is written for 'V ' S (a 2 ) /a and x for £ — [i, it follows that 

\t = T - 

and as the same value of x- is provided by the two values of f ± V * 2 > the 
frequency element required from the distribution of £ is 

V27t 


only positive values of x being now considered. Substituting for x 2 ia terms of 
T and x , the frequency distribution of the latter two variates will be given by 

df=- - (T — I® 2 )* dT . e~ le ‘ « -T cosh (P®) .dx. 

U(»i — 3)]! ' V2 w 

For a given value of T, the variate x cannot exceed a/ 2T, and the random 
sampling distribution of T is therefore found by integrating between 0 and y/ 2T. 
Expanding the hyperbolic cosine in powers of x, and integrating term by term, 
since 


Jo V 5 ’ (2 p)\ 


[I(2p — 1)] ! [| (w, — H)] ! rjv(«,+-p-^)2b-p-i)_& 


[i (»! + 2 p- 2)J ! 


( 2 ?) ! 


i* 


we have the distribution of T in the form. 

Tit", + ft 2 


df — -e ^ e T S 


or 


r-o[iK + 2/>~2)]!2^ j p! 

1 


rfT. 


rr, 1 , (71,-2) / i 


(TS 2 ) 2 , I , T 

»h (n, + 2) 2! "7 


which is the B-distribution of section 5 if T is equated to £B 2 . 

This interpretation of the distribution previously obtained adds greatly 
to its importance, for it is seen to replace the distribution of the analysis of 
variance for cases in which the sum of squares corresponding to % degrees of 
freedom is derived theoretically for non-central deviations with fixed central 
displacements. This will be similar to, but not identical with, the case of 
the n x degrees of freedom in multiple correlation in its proper form ; for although 
these are non-central, the displacements will depend on the variation in the 
sample of the independent variates, and this will vary from sample to sample. 
In many cases, however, such as the dependence of weather upon the position 
and altitudes of a number o^ fixed meteorological stations, we are not interested 
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in the effects of possible variations in the positions of the stations, but solely 
in the possible variations of the weather at these spots. In fact, the problem 
of practical importance is often that in which the central displacements are 
constant, and although it may be urged, rightly enough, that to such cases the 
purely empirical concept of multiple correlation is not the most appropriate 
approach, yet it remains true that of the practical applications of multiple 
correlation methods many are of this kind. 

The direct extension of the analysis of variance for non-central squares 
may be completed by writing 


[i (n> — 2)) ! ~ 


e’ 1 dU and - 


T _ R 2 __ m 2z 


t 2 I — R 2 


then, if, in spite of the caution above, we choose to express our results in terms 
of R, 


, 1~R 2 t 7/ 

h •-» -jiT- l > ,h 2 


1 -R » t d (R 2 ) 

It* Ft 2 (1 — R 2 ) 


m 1 1 1 ! f ! T — 

/ 1 T>2\ 5 6 2 I X D2 1 


and the distribution of R is found by integrating with respect to T from 
0 to oo : the expression 


II («,-2)] ! 


1_P2 ,/|>2 oo rpl +2p-2) D2P 

c ~’ rt ' er 1 111 , L£- ) — ■ — X — L — - , dT, 


R 2 / R 2 (1-R 2 )„_o[J(m 1 +2^-2)]! 


a process which yields 


(l f- (R (1— ig . £ r i(»i+n 2 +2/>-2)]! (R 2 pT R8 

1 ~ ( ’ ri(n,-2)]» , o LJ(» I +2j»-2)]! 2 ' 1 . p ! 1 h 


l i K+”rfI ! (R*\i <».- 2 > (i — R 2 )i <"»- 2 > e -» ! 1 + "cet 

[i(»i-2)]![H%-2)]! ’ «i • 1 ! 2 

4- OjizLiial (»i+»2+2) / R^ \ 2 + . 1 d ( < <) 

(^x+2) . n 2 ! \ 2 / 1 


-2> --»g. ( 1 1 «!+«» R2 ;^ 


a third general distribution of this interesting group. 

Although it will not be possible within the limits of this paper to give an 
account of the properties of the distribution of Type (C), beyond indicating 
their analogy with those of Type (A), it should not be overlooked that in the 
problems in which the multiple correlation coefficient is actually employed, 
distributions of Type (C) will be, owing to the absence or irrelevance of 
sampling variation in the variances of the independent variates, of at least 
as frequent occurrence as those of Type (A). 



672 


R. A. Fisher. 


A typical example of the distinction here drawn is provided by the correlation 
ratio. If corresponding to any value x of the independent variate a number of 
Values n x of the dependent variate y is observed, then the correlation ratio 
7 ) 2 of y on x is defined by the relation 

r? == s K (jx — yf) 

1 —r? S (y— y x f 

in which lj x is the mean of y in any array, and y is the general mean ; the 
variance in all arrays is supposed equal, and the summation in the numerator 
is applied to the several arrays, while that in the denominator is applied to the 
whole of the individual observations. In most practical cases the idea of a 
sampling distribution of tj 2 can only be given a definite meaning by supposing 
the number n x in each array to be the same for all samples. In such a case 
the distribution of t/ 2 will be that of R 2 in distribution (C), with n x equal to one 
less than the number of arrays, and n x -)- ^2 + 1 equal to the total number of 
observations. If, however, the numbers n x be regarded as subject to sampling 
variations, then the distribution (A) may be used, and will be exact, apart from 
grouping errors, if the expectations of y for the values of a? in the sampled 
population are normally distributed. 

Sumtnary. 

By an appropriate linear transformation of the independent variates it may 
be shown that the sampling distribution of the multiple correlation coefficient 
does not depend on the whole matrix of correlations between these variates, but 
solely upon the multiple correlation in the population sampled. 

The actual distribution (A) may then easily be obtained by similar methods 
to those by which the distribution of the simple correlation coefficient has been 
obtained. 

The frequency function involves a hyper geo metric function of p 2 Il 2 which is 
a rational function when n\ and n 2 are both even, algebraic when n 2 only is even, 
and reducible to circular functions when n x and n 2 are both odd. 

The case of large samples yields a series of distributions (B) of great interest, 
involving Bessel functions, which connect the y 2 distributions with the Gaussian, 
and are intimately related to a double Poisson summation. Owing to the 
practical importance of this limiting form a table of its 5 per cent, points is 
given up to seven independent variates. 

When n 2 is even, the probability integral of the general distribution is 
expressible in finite terms which are developed in section 6. 



Distribution of Multiple Correlation Coefficient. 673 

The (B) distribution of Section 5 replaces the x 2 distribution in the analysis 
of variance if the squares summed are non-central. An analysis of variance 
so extended leads to a third group of distributions (C), closely related to (A), 
and tending like it to a common limit (B). The distinction between (A) and 
(C) arises from the fact that in cases proper to the multiple correlation the 
central displacements will vary from sample to sample owing to variations in 
the second order moment coefficients of the independent variates, and for such 
cases (A) is the correct distribution. The type (C), however, is of frequent 
occurrence owing to the absence or irrelevance of such variation. 
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Tests of Significance in Harmonic Analysis . 
By R. A. Fisher, F.R.S. 

(Received June 5, 1929.) 


1. Schuster's Test . 

If a series u v u 2) ... , w 2n+1 constitute a random sample from a normally 
distributed population, then any linear function 

‘Zn -f I 

A = S (a r u r ) 

i 


will also be normally distributed ; moreover its mean will be zero if S (a r ) = 0, 
and its variance will be equal to that of the original population if 

S (a r 2 ) = 1. 

Any other linear function 

B == S (b r u r ) 

i 

will be distributed independently of the first if 

S (a r b r ) = 0, 

and in this case the sum of the squares, 

x == A 2 + B 2 , 

will be distributed so that the chance of exceeding any particular value of 
x is 


e c , 


where c is the mean value of x , equal to twice the variance of the population 
sampled. 

This proposition, which gives the x 2 distribution for the particular case 
w = 2, is the basis of Schuster’s test of the significance of any particular term 
in the harmonic analysis of a series. For the coefficients 


a r 


b T 


/ 2 

= \/ cos 

v 2n + 1 

/ 2 • 

= \f sm 

v 2n+l 


2npr 
2n + 1 ’ 

2npr 
2ft *4" 1 


fulfil the necessary conditions for all integral values of <p. Values of p from 

1 to n give independently distributed values of x and, if the variance of the 

h 
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population were known a priori, the test would be rigorous for any one of 
these chosen in advance. 

2. Allowance for Selection of the Largest Term. 

The practice of picking out the larger values of x, not in advance, but by 
reason of their exceptional magnitude, requires, as Sir Gilbert Walker has 
shown, an important modification of the test of significance. For, if we wish 
to test the significance of the largest observed value of x, we must compare the 
value observed with the sampling distribution of the largest of n independent 
values, and not with that of any one value chosen in advance. If P stand for 
the probability which we adopt, as sufficiently small to be used as a criterion 
of significance, the corresponding value of x will be given by 

_ X 

e c =p, 

for any particular term, but if a; is chosen to be the largest of n independent 
values, it is necessary that the probability should be 1 — P that all the n 
values shall be less than x, so that 

( 1 - e oj = 1 - P 

is the equation which determines the least value of x to be judged significant. 
This is the criterion derived by Walker. 

» 

3. Allowance for the Sampling Error of the Estimated Variance . 

In the practical application of this criterion, when c is not known a priori , 
it is necessary to substitute for c an estimate of it derived from the data, and, 
for an exact test, to take into account the sampling error of this estimate. The 
estimate of c will necessarily be based on the variance observed in the original 
sample, or, what comes to the same thing, on the average value of x for 
the n possible periods; and, whether we take, as our actual estimate, 
the average of all the n values, or the average of the (n — 1) values 
other than that to be tested, all that is required for an exact solution, in either 
case, is the frequency distribution of the largest of n values of x, expressed as a 
fraction of the total of the sample of n of which it is the largest member. 

If x v . . ., x n are the co-ordinates of a point in Euclidian space of n dimensions, 
the simultaneous distribution of the n values will be represented by a density 
function 

“ — (*l + $2 + ••• + %*) 

e c 
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which is constant over plane finite regions of n — 1 dimensions, hounded by the 
ft- surfaces 

x T = 0 

in the form of a generalised tetrahedron. In every such region, the distribution 
of the ratio of the largest co-ordinate to the sum of all co-ordinates will be 
the same, and, since the density is constant over each such region, the 
distribution is to be found merely from the elements of generalised volume, 
into which the region is divided for fixed values of the ratio. Any particular 
co-ordinate, e.g., x v w ill be the greatest in one nth of the whole region, this 
fraction being bounded on the one hand by the loci, at which it ceases to be 
greatest. 

and, on the other, by the boundaries, 

■^'2 *“ ^ 3 •••» J'n ““ d , 

within this region it is required to find the distribution of the ratio 

___ X} 

9 — f x 2 + ... + x„ ■ 


4. The Discontinuities of the Distribution . 

The distribution defined geometrically by the dissection of a generalised 
tetrahedron exhibits a number of discontinuities ; the linear regions which 
constitute its boundary intersect n — l at a time at the sets oi points 
typified by 

— . . . . • • • x n 

J‘2 ~ = ~ === *^3 =r . • • • • ■ X rt 

X 2 — & 3 = 0, Xj — = • • • X h 


x t = x s = 

at which it is evident that the values of g are 


= x n = 0, 


representing in succession, the centre of the generalised tetrahedron, the 
centres of all its bounding faces, of successively lower dimensions, which meet 
in the point, g = 1, the middle points of the edges running from this point, 

b 2 
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and finally the limiting point, g = 1, itself. Hence g is distributed over the 
range from I jn to 1 ; and for an exact test of significance we require to know 
the probability with which any particular value between these limits ip 
exceeded. 


5. The Emct Distribution. 

A point about the distribution which greatly facilitates the solution, is that 
within the region between any two discontinuities the probability integral of 
the distribution is merely a polynomial in g of degree n— 1. For the 
boundaries of any region, g ----- g 0 , change the magnitude of their elements 
continuously at rates determined by the magnitude of their boundaries, and 
so on down to the bounding edges, the lengths of which are linear functions of 
g ; consequently the probability integral is in each region a polynomial of 
degree n — 1, but from region to region the (//, — l)th differential coefficient 
with respect to g changes discontinuously. 

We may therefore represent the probability integral by the form 

P = oq (1 — * g) u 1 ■+ <* 2 (1 — + ... + a r , (1 — w*7) n ~\ 

in which as many terms are to be taken as have positive quantities within the 
brackets. The last term is therefore included for no possible value of g , but 
is written above in order to utilise the condition that when g <1 jn the 
probability integral shall be unity. This condition is sufficient to determine 
the n coefficients by equation of the coefficients of g°, g l , g H ~ J t 

To determine their actual values let 


/ — — 1 4- otjt + a + • • ♦ + 

then the equations of the successive coefficients give 
■ /=»• (•$)/-* 


at the values l — 1. These are evidently equivalent to 

d 

dt J dt' 


if - 0 sS/=o. 


for the same value, so that f, being of degree n, must be a numerical multiple 
of (t — 1)’*, or, in view of its first term, 
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We have therefore the probability integral in the form 

■p = .(l-sl-'-iiiiD <i_2,)-<+ ... (1-W-S 

where k is the greatest integer less than 1 jg. 

6. Summary and Table of 5 per cent. Values. 

A practical convenience of the form which has been obtained for the prob- 
ability integral, is that for small values of P, such as are needed in tests of 
significance, the magnitude of the successive terms decreases very rapidly, 
so that even when, as at the 5 per cent, point for n = 50, as many as seven 
terms exist, very high precision is obtained from the first three terms only. 
Indeed the first term alone gives a very satisfactory approximate test of 
significance. The first term has, moreover, a simple meaning in relation to a 
related statistical problem. There are, in fact four related distributions each 
of which is the appropriate solution of one of four problems. 

(I) The distribution of any one harmonic term obtained from a random 
sample of numbers drawn from a population of known variance. Schuster’s 
solution of this is given by the distribution of the form 

P = e~ x . (1) 

(II) The distribution of the largest of the n harmonic terms obtained from a 
similar sample ; for this we have Walker’s solution 

P = 1 - (1 - e- x ) n . (2) 

(III) We may ask what is the distribution of any one harmonic term as a 
fraction of the total (or mean) of the terms obtained from the same sample ; 
here there is no restriction that our term should be the largest, and all points 
within the generalised tetrahedron are available, so that 

P = (l -g) 11 - 1 (3) 

where g is the chosen term expressed as a fraction of the whole. 

(IV) Finally the probability that the largest of the n terms should exceed g 
is, so long as this probability is small, naturally not far from n times the value 
given by (3), and has been shown to be exactly 

*-«(!- — • + (->■" ti(,rr ip <‘ - *>"• <4) 

where Jc is the largest integer less than 1 jg. 
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How good an approximation is obtained by using the first term only, is 
shown by the following table giving the 5 per cent, values of g for values of n 
from 5 to 50 in a parallel column with those obtained by ignoring all terms 
after the first. 


n. 

i 

(by exact formula). 

Q 

(by first term only). 

5 

0-68377 

0-68377 

10 

0-44495 

0-44495 

15 

0-33462 

0-33463 

20 

0-27040 

0-27046 

25 

0-22805 

0-22813 

30 

0-19784 

0*19794 

35 

0-17513 

0-17525 

40 

0-15738 

0-15752 

45 

0-14310 

0-14324 

50 

0-13135 

0-13149 


This table can be used directly in testing significance ; the 5 per cent, point 
is the lowest level of significance likely to be wanted, and for higher levels, 
such as the 1 per cent, point, the first term will provide an even closer approxi- 
mation. The method of section 5 should be useful in many distribution 
problems involving points of discontinuity. 

The value of g may in all cases be very easily obtained. If all the Fourier 
submultiples have been worked out, it is, as already defined, 


x i + X 2 + + %n 

The denominator of this expression is, however, merely 

2»+l 

S (u r — u) 2 . 

r=l 


In the case where the number of observations in the series is even, (2 n + 2), 
we need still only consider the n complete harmonic terms, and can obtain 
their sum as 


2n+2 . 

S ( U r — U ) 2 — 

r^l 


■ U 2 + U, 


2L 


2n + 2 
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Limiting forms of the frequency distribution of the largest or 
smallest member of a sample. By R. A. Fish er, Sc.D., Gonville 
and Cains ( Villege, and L. H. C. TlPPKTT, M.Sc. 

[Received 24 November, read 5 December, 1927.] 

1 . / ntrod actor y. 

In a previous paper on the subject of the distribution of the 
largest member of a sample from a normal population, one of the 
authors has given constants involving the first four moments for 
samples up to 1000. In this paper, possible limiting forms of such 
distributions in general are discussed. It will appear that a 
particular group of distributions provides the limiting distributions 
in all cases, and that the. case derived from the normal curve is 
peculiar for the extreme slowness with which the limiting form is 
appn >aehed. 

2. The possible limiting forms deduced from the functional 
relation 'which they must satisfy. 

Since the extreme member of a sample of mn may be regarded 
as the extreme member of a sample of n of the extreme members 
of samples of m, and since, if a limiting form exist, both of these 
distributions will tend to the limiting foim as m is increased 
indefinitely, it follows that the limiting distribution must be such 
that th e extreme member of a sample of n from such a distribution 
has itself a similar distribution. 

11 F is the probability of an observation being less than x, the 
probability that the greatest of a sample of n is less than x is l Jn , 
consequently in the limiting distributions we have the functional 
equation 

P n (,/;) = p (a n x -f b n ) ; 

the solutions of this functional equation will give all the possible 
limiting forms. 

If a is not equal to unity, then 

x — ax 4- b , 



and at this point P n = P, 

1 J = 0 or 1 , 

consequently the solutions fall into three classes: 

l - C(,) = P(, + U 

II. P = 0 when x = 0, (x) = P (a n x), 

III. P=1 when x = 0, (x) = P (a n x). 



the largest or smallest member of a sample 


181 


I. If P n (x)^P(x + b n ), 

then n log P (x) = log P (x + b n ), 

and log n + log (— log P (x)) = log (— log P(x + b n )) ; 

therefore the expression log (— log P (x)) — - 1°^ - is constant, or 

o n 

periodic, with period b n . 

Now for all values of m and n 

bmn = b m t>n > 


and if b n is an analytic function of ??, a supposition which excludes 
the periodic solution, 



fi b mn b m , tt ib rnn b n , 

whence 

wib m = nb n y 

or 

w c 


n 

and 

b n = c log n + dy where c and d are constants. 



Putting n— 1, it appears that 

<2 = 0 . 


Henco 


x 


log (— log P x ) = + constant, 
c 


or, the limiting form is that of — log(- iog P x ) = x> for c must be 
negative since x is assumed to increase with P. The distribution 
of the greatest of a sample of n from this distribution is 

- log (- log P x ) = « - log n , 

the distribution being merely shifted, without change of size or 
form, through a distance log n. The curve is shown in Fig. 1. 
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II and III. If P" (a) = P (a, a), 

&mn = < I'm > 

and, i fa is an analytic function of n, 

77itl , tin — (I'tnCL n> ^Cl nm = (l in Clfi , 

i n — 1 

whence r T y 

a n km 

of which the solution is 

1 og a„ = log 71, a n = n “ *'* , 

since a — 1 when n = 1. 

Now log (-log /’(a?)) is increased by log/* when log x is in- 
creased by 1 ( >g a n , so that, excluding as before the periodic solution, 


log(- log PO»- 


log n log x 

log (hi 


must be constant. This gives 

log (- log P (x)) = ~k (log x + c ) 
or — log P (x) = ( A x)~ k . 

Jf P =z 0 when x — 0 } k will be positive (IT). 

The form of the curve is then that of 

P = e- X ~ h , 

dP — ^ +l e ~ x k dx, where lc is posit i ve. 
x 


lfP=l when .7? = 0, k will be negative and all possible values 
of x will be negative; in this case (III) the form of the curve is 
given by 

— log P — (— x) k , where k is positive, 

P = e- 

dP = k(-xf~'e ( ~ x Vdx. 


The only possible limiting curves are therefore: 


1. 


dP == e 


dx, 


in which t.he effect of selecting the greatest value of a sample 
of n is merely to shift the curve, without affecting its scale, through 
a distance log «. 


IT. 


dP = k — *■* 


,,*+1 ' 


X ~*dx, 


in which the effect of selection is to increase the scale of the curve 
by the factor' n' 1 *, maintaining the terminus x = 0 unchanged. 
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III. dP = k(-x^e- { - x ^dx, 

in which the effect of selection is to decrease the scale of the 
curve by the factor n~ ] / ,c , while maintaining the terminus x — 0 
unchanged. In this case alone will the selected curve increase 
materially in accuracy as selection is increased; the weight of an 
observation, from curves of constant form, will be inversely pro- 
portional to the square of the scale, and will be proportional to 
n^K The accuracy of the extreme observation will therefore increase 
more rapidly than that of, for example, the mean, if A* is less than 2. 

3. The limiting form appropriate to any particular frequency 
distribution . 

If in any frequency distribution p is the probability of an 
observation being less than x, and if as /> 1 the quantity 

(1 - p)x k 

tends to a finite limit, a. k , then it is evident that P = p n will have 
the form 

yj ^ na k x~ k 

in the limit for large samples of n. 

Since*, for any t wo values of P other than 0 and 1, the values 
of x as u tends to infinity tend to the finite ratio of the values of 

(— log P 

the limiting form of the distribution will be the same if 

1 — p = X~ k (f) (x), 

where the range* of log </>, for any finite range of log x, tends to zero 
as x tends to infinity. 

The scale of the distribution for the greatest of n y measured 
by an lIk , will in such cases approach the limit 

W k , 

where the argument of <£ is given by the equation 
' a* — inf) (x). 

Equally, for any frequency distribution for which 

(1 — p ) e x t° 

tends to a finite limit A as p tends to unity, the limiting forms 
of the distribution of the largest of a sample of n will be given by 

p = q - nAe~ x l c % 
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Since, in this case, for any two values of P other than* 0 and 1, 
the difference of the two values of x/c tends to a constant value, 
the limiting form of distribution will be the same if 

1 —p = e~ xlc <j> (x), 

when the range of log <f> in any finite range of xjc tends to zero as 
x tends to infinity. Thus, if c is constant, (fi (x) may contain factors 
such as x l . The location of the distribution, given by 


f=iog M), 


will then, as the limiting form is approached, change as clog (nip), 
in which the argument of </> is given by the equation 

x — c log (n<f> (x)). 

The case in which c is constant does not exhaust the applica- 
tions of this limiting form, for whatever function 1 — p may be of 
x } if we write 

then, if the range of log (1 — p) + x/c from x = f to x = £ -f ct, tends 
to zero, as x tends to infinity, for all real values of £, then will the 
same limiting form be valid. 

For example, let 



l-p = e~ r ' 

then 

1 


rgr- 

and 

ct t 


1 


which tends to zero, if r is positive, for all values of t. 

But 

log (1 — p) -f xjc — — x r 

= (r — 1) ^ f-W + smaller terms ; 


the range will therefore tend to zero, for 


r (r — 1) 

2 


f r “ 2 c 2 £ 2 = 


r-1 t 2 

~2Ff y 


which tends to zero, for all values of t } if r is positive. 
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The parameter c, which measures the scale of the distribution, 
will increase if r < 1 , and decrease if r > 1 , while the location of the 
mode as the limiting form is approached is given in general by 

P = e~\ 

or n (1 —p) — 1. 

Again, for the normal curve with unit standard deviation 

where X tends to zero as x tends to infinity, 



log (1 — p) + xjc = — %x- — log x + x% + 1 — | log (27 t) — X 
= + if - log f +1 - ilog(27r) - X, 

where X vanishes as x -► oo , at all values of x from £ to f -f ct. 

For sufficiently large samples of n from a normal curve, the 
distribution of the largest of the sample will be centred about a 
mode m given by 

e i ?7<2 Vl y/ 2 tt — n, 

with scale given by 

m 

c = 0 , . 

m 2 + 1 


4. The approach of the distribution of the greatest of a normal 
sample to its final form. 

The final form for the largest of a normal sample has been 
shown to be given by 

P = e-e- x4< \ 

where c diminishes to zero as the sample increases, in such a way 
that to the degree of approximation required in very large samples 

m 

c = — - — - 
m 2 + 1 

and e + = n. 

Since for any finite value of m, however large, c will still be 
diminishing as n increases, the case has an analogy at any stage 
with the distribution derived from 

p = e~ { ~ x)k , 

in which also the scale diminishes as n increases. This analogy 
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whence 


may be utilised by equating the rate of change of the scale with 
increasing n in the two cases. 

Now, for P = «-«(-*)*, 

we have dP = hi (— x) k ~' e~ n h X ^dx, 

so that the logarithm of the ordinate at any point is 
(k — 1 ) log ( — x) — n (— x) k -f constant, 
giving as equation for the mode, m , 

<-*>*” ^f 1 • 

d\og(— #)__ 1 

d(logw) k' 

But for the normal curve 

d log c __ d log c dm __ m 2 — 1 

d log n dm d log n {in 2 + 1 ) 2 ’ 

Hence the distribution in which 

m~ — 1 1. , 

(m -f 1 ) 2 k 

should provide a penultimate form of approximation, which will 
duly tend to the ultimate form as h tends to zero. 

5. The moments of the ultimate and penultimate for ins. 

The moments of the ultimate form 

dP — e~ x ~ e x dx 

may be found most directly from the generating function of the 
scm i-in vari ants 

K = log M y 

where M — f e tz dP. 

‘ J — QO 


For, writing z for e~ x , 

M=r 

Jo 


z~ f e~ z dz = (— t ) ! 

d 3 




+ > 


J 77 1 TIT J 77-2 P t 3 

and K = \ogM = yt + ~ gj + g 

whence it follows that the distance of the mean from the mode is 

7- *577215665, 


the variance is 
the third moment is 


7T 


^ = - =1-64493407, 


Pu = 2 jl + -f ... j = 2*40411381, 
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while the fourth moment is given by 

/*. - 3/tf = 6 |l + 1 + - + ... J = ^ = 6-4939394. 

Consequently, for sufficiently large samples we shall have 

Mean — Mode — yc — , 

m 2 + 1 

7T 2 

Variance = „ c 2 , 

b 

ySj = 1*2985676, 

A *5-4. 

For the penultimate form 

dP = k(-xf'e(~ x *dx, 

1 

writing — x — t k = £*, 

we have di J = — <r~* ctt, 

and /x/ = (-) r (- a?) r <2P = {-) r t kr dP = (-)' (At) ! ; 

also the mode is given by 

— a; = ( 1 — /t) A . 

Hence we have as penultimate formulae 

Mean — Mode = ~ }( 1 — h) h — h !j, 

Variance — ~ \( m 2h ) ! — (h !) 2 j, 

together with ft x and ft» expressed in terms of A only. 

The extreme slowness with which the ultimate form is ap- 
proached is well shown by the fact that even for enormous samples 
the penultimate form is still materially different in its ft coefficients. 
The following tables show, for different values of h, the corre- 
sponding values of m and n y and, in parallel columns, the distance 
of (he mean from the modi 4 , the variance 1 and the ft coefficients. 
Jt will be observed that even for samples of nearly a billion the 
penultimate form is still considerably different from the ultimate 
form. The appropriateness of the penultimate form for samples 
of 1000 downwards can be tested from the results given in a 
previous paper*, using for m the value of x for which p — 1 fn, and 
the corresponding values of c and It. 


* Biometrika , xvn, pp. 364-387 (1925). 
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It is apparent that the penultimate form effectively bridges 
the great gap between samples of 1000 or less and the ultimate 


PQ 

w 

PQ 

< 

H 


form for very large samples. The distance from mode to mean is 
given correctly for samples somewhere between 100 and 200 and 
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is underestimated by an amount which seems to attain a maximum 
of about 1 °/ 0 for samples of about 1000, whereas the value for the 
ultimate form is over 7 °/ Q in error for samples of nearly a billion. 
The standard deviation is given by the penultimate form with a 
negative error of about 2A °/ o at 1000 and only about °/ o at 60, 
while tlie ultimate form is nearly 10°/ o out at 1000, and just 
under 3 % at a billion. In both comparisons the largest deviations 
occur in the ft coefficients. The latter are consistently too low in 
the penultimate form for samples of 1000 and less, and probably 
do not attain a close approximation until the sample number is 
nearly a million, while an equally good approximation to the 
ultimate values — 1*299 and /3>, — a *4 would only be attained by 
such incredibly large samples as are represented by values of about 
004 for h (c. 10 5ri ). The changes in and /3„ with varying h y 
together with the actual values for samples up to 1000, are shown 
in Figs. 2 and 3. 
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Fig: H. Change in (in with sample size as indicated by the penultimate formula, 
with actual values for samples up to 1000. 


(>. Summary . 

The limiting distribution, when n is large, of the greatest or 
least of a sample of it, must satisfy a functional equation which 
limits its form to one of two main types. Of these one has, apart 
from size and position, a single parameter h , while the other is the 
limit to which it tends when h tends to zero. 

The appropriate limiting distribution in any case maybe found 
from the manner in which the probability of exceeding any value 
x tends to zero as x is increased. For the normal distribution the 
limiting distribution has h = 0. 

From the normal distribution the limiting distribution is 
approached with extreme slowness; the final series of forms passed 
through as the ultimate form is approached may be represented 
by <thc series of limiting distributions in which k tends to zero in 
a definite manner as n increases to infinity. 

Numerical values are given for the comparison of the actual 
with the penultimate distributions for samples of 60 to 1000, and 
of the penultimate with the ultimate distributions for larger 
samples. 




MEMOIRS OF THE ROYAL METEOROLOGICAL SOCIETY, 
VOL. II. No. 13. 


ON ERRORS IN THE MULTIPLE CORRELATION 
COEFFICIENT DUE TO RANDOM SAMPLING 


p.v 


JOHN WISHART, M.A., B.Sc. 


Statistical Department, Rothamsied Experimental Station. 


The use of the multiple correlation coefficient in weather forecasting 
was suggested by Sir Gilbert Walker in 1910. 1 The application of the 
method consisted in regarding the monsoon rainfall of India (e.g.) as a 
dependent variate, affected by a number (//) of independently varying 
factors, such as snowfall accumulation, pressure in Mauritius, rainfall at 
Zanzibar, etc. A sample for each of these factors is available for the 
number of years for which data have been recorded. This was about 
thirty in 1910, but with the passage of time a considerably larger sample 
can now be collected. The expression for the multiple correlation 
•AY234 ■ • -I, Mil is then given by 

1 ~ -^ 2 1'23 • • • (M + l> = (* — ^l <)(t ~ /'Ys-'.’X 1 — F 2 14 -Ks) ( l ~ P 2 Vn + V-23 •••»)> 

where the dependent factor is represented by 1 and the others in succession 
by the numbers 2, 3, 4 . , . (//+ 1). r v2 is the correlation between factors 
1 and 2, while p v . 2{ . . ] is the partial correlation between factors 1 

and regarding the factors 2, 3, ... . (.c-i) as constant. R is then 
taken to be the positive square root of the value reached for R 2 . It is 
important for the meteorologist to be able to determine the significance of 
R y once he has obtained a value for it. It has generally been assumed 2 in 
the past that the variance (or the square of the standard deviation) of R , 

f 1 — R 2 )^ 

in a large number of samples, is , where JV is the size of the 

sample and R is the multiple correlation in the population from which 
the sample is taken. This is not, of course, known, and the value of R 
reached for the particular sample is substituted. Doubt has been felt, 
however, in many minds as to the complete applicability of this formula. 
The theory is not altogether analogous to that of the simple correlation 
coefficient r. For instance, it has long been recognised that, even if the 
multiple correlation is zero in the population, positive values of varying 
size will occur in samples, owing to the errors of random sampling. 
Hence the mean value of R, deduced from a large number of samples, is 
a positive quantity, and not equal to the correlation in the population as 
a whole. Naturally, this positive bias of R has to be taken account of in 
estimating the significance of any sample value. If we assume that the 


formula 


(1 -R 2 y 
JV 


holds generally, what value of R should we insert when 
there is, in fact, no real relationship ? What is the theoretical mean value 

1 “Correlation in Seasonal Variation of Weather, ” ii., Calcutta , hid. Met. Mem., xxi., 
Part 2, 1910. 

2 See Sir Gilbert Walker, loc. cit . , p. 25. 
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of R in a large number of samples taken from a normal population with 
no real correlation ? Yule observed generally that this mean value will 
vary directly as the number of independent variables and inversely as 
the number of observations in the sample. 8 But the first attempt to 
give a more exact answer to these questions was made by Isserlis, 4 who 
dealt for simplicity with the case of three variables, i.e. n — 2. He showed 
that the principal term in the excess of the mean value of R over the true 

/ I __ 2\^ j 

value in the population is - ^ and correct to the formula 


(j -^ 2 ) 2 
JV 


remains true when allowance is made for this displacement 


in the position of the mean. Unfortunately, the approximation for mean 
R is not sufficient, for it may give values greater than unity, and becomes 
infinite for R = o. The size of the sample is, of course, a material factor. 
But while the theory is based on the assumption of large samples, this 

only means that terms of the order of can be neglected in comparison 


with those of order A statistically large sample is one of 50 and 

upwards, and, although experience has shown in the past that a different 
theory altogether is required for small samples, such theory usually 
becomes almost indistinguishable from the large sample theory for 
samples of 40 to 50. 

Altogether, the importance of the problem to meteorologists, and the 
inadequacy of such theoretical results as have hitherto been given, seemed 
to the author to justify his approaching the problem experimentally. 
The problem considered was : an infinite population, following the normal 
law, is given. Four independent random samples, first of 30 and then of 
40, are drawn from this population. These are supposed to represent the 
distributions of four variates, the dependent variate ?/, and three in- 
dependent variates, x, y and z. Owing to the conditions of the 
experiment, there can be no real multiple correlation of u with a linear 
function of x, y, z. But in the sample a value is obtained which can be 
calculated. The experiment is then repeated a sufficient number of times 
to enable a fairly accurate value of (a) the mean R , and (/>) the variance 
of R f to be determined. Such an experiment, if successful, can, of course, 
only be a first stage in the determination of the distribution of R, as only 
the particular case of no correlation in the population is considered. It 
is hoped in a further study to introduce a real known correlation between 
u and x , y, s, and then to study the distribution of R under these 
conditions. But the present investigation will give the meteorologist 
some information about the order of the correlations he may expect to 
get by random sampling, when the selected factors have really no influence 
whatever on the phenomenon whose variation he is considering. Then 
by a process of elimination of such a fictitious relationship, he is able to 
gain an appreciation of the measure of real dependence left, if there is any. 


Details of the Experiment. 

A population was selected having twenty-five classes, represented by 
the numbers o, ±1, ±2, . . . . ±12. Numbers were assigned to these 

3 Introduction to the Theory of Statistics, p. 249 (Griffin), and Proc. Roy. Soc., A, Ixxix. , 
1907, p. 193. 

4 Phil. Mag., 34 , 1917, p. 205. 
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classes which were taken from a table of the normal probability integral. 
The distribution is therefore symmetrical about the class o, and the 
frequencies are as in the following table : 


TABLE I. — Frequencies. 


0 

± I 

4 2 

±3 

±4 

+5 

j ±6 

±7 

+ 8 

+9 

± 10 

±11 

± 12 

298 

285 

249 

199 

146 

I 

98 

! 60 

, 

33 

17 

8 

3 

1 

1 


Total population — 2498. 

' Mean = o. Standard deviation (<r) = 3*34. 

The particular method of sampling adopted was to use Tippett’s series 
of random numbers. This consists of a series of four figure numbers, 
ranging from 0000 to 9999 in a perfectly random order. The numbers 
arc assigned to the particular classes into which the population is divided 
in quantities proportional to the frequencies. In the present case, since 
there are 10,000 numbers and just under 2500 in the population, it is 
possible to run through the list four times before exhausting it. The 
table is gone over in any systematic manner, i.e. by following columns or 
rows: where a number is reached, the class corresponding to that number 
is noted. This is done until we have a sample of 40 numbers for u. 
The same is done for x, y and s, and this then completes one set of data 
for the determination of R. Actually forty such sets were taken and 
worked out. There are many advantages in using this particular method 
of sampling. It fulfils all the conditions of sampling from an infinite 
population. The crude method of drawing numbers from a hat, or balls 
from a bowl, requires the slips, or balls, to be replaced after each draw. 
Furthermore such methods have in the past been proved to be un- 
satisfactory, for slips of paper tend to stick together, and balls in an urn, 
owing to their variation in size, weight, etc., are not usually randomly 
distributed, even with a great deal of mixing. The random nature of 
Tippett’s numbers has been well established — the present experiment is 
one more illustration of this — and sampling conducted by means of them 
is as satisfactory as it can be. The sheets have now been issued as one 
of the publications of the Biometric Laboratory, University College, 
London, 5 and the author is indebted to Professor Karl Pearson for 
permission to use the manuscript sheets in his possession. 

/The case of four variates was chosen for purposes of illustration, the 
values of R being calculated as follows : Let A denote the determinant 
\r a b\> where a and b run from 1 to n+ 1, and n jn — r a i>, while r aa =i. 
Let A„ denote the determinant formed from A by deleting the first row 

and column. Then 6 1 - R 2 = ^ , and we have for the special case of n = 3, 


A 

A 


// 


= 1 - r -a - r J + 2r ‘i-Su r M / 

“ + (^14 r 23 ~ **12*84 ) 2 ~ 3^*24 i 2 V 14*23 **12*34/ ~ **I: 

- r vi - r v. ? - r \? + afoa'is'sa + r vjTu r t* + r u r u 


Results. — The two sets of forty values obtained for R are set out in 
the tables below, and the mean value and the standard deviation (square 


5 Tracts for Computers, xv. , T927. Cambridge University Press. 

0 K. Pearson, Biomctrika , viii. , 1912, p. 439. Also Phil. Trans. R. Soc. t A, 200, 
1901, p. 17. 



32 JOHN WISHART 

root of variance) are worked out. Probable errors are attached, these 
being based on the assumption that the two constants are normally dis- 
tributed with variance respectively and where N is the size of the 
1 N 2 N y 

sample (40 in this case), while we insert as the best estimate of o- the 
value obtained from the distribution itself. Results are given for both 
R and A' 2 , as some workers prefer to work with one, and some with the 
other. The theory of the distribution of A 2 , too, is in some respects 
simpler than that of A’. 


TABLE II.— Distribution of A’ (30 Vicars’ Data). 


Value of R 

■08 

•09 

■ JO 

•11 


■17 

•18 

21 

• 22 

23 

•25 

•27 

■30 

‘31 


• 3 ., 

■34 

•35 

.36 

•37 

■40 

‘43 

•45 

•48 

• 5 i 

•54 

Frequency 

1 

1 


1 

1 

1 

1 

! 

1 

.1 

2 

2 

2 

j 

2 

2 

3 

V 

I 

1 

2 

__ i 

3 

1 

1 | 

1 

• 

1 J 

1 

1 


Mean value of R ■= *288 ± -012, of A* 2 — *096 ± -007. 
Standard deviation of R — *i 13 ± -009, of A >2 = *068 ± *005. 


It is recognised that complete information with regard to the dis- 
tribution of R can hardly be gained from a sample of 40 values. The 
labour involved, however, in calculating even this moderate number was 
fairly strenuous, involving, as it did, the computation of 240 coefficients 
of correlation and 160 means and standard deviations. Enough has been 
done to indicate the kind of values, with their frequency, that are likely to 
arise by chance. For example, two values, or 5 per cent, occurred over 
•5, and a similar percentage below 1. The author has confidence that 
the mean value and standard deviation are very close to their real values. 
Divided into four blocks of ten, these gave *276, -280, 303 and *293 for 
the mean value, and the highest and lowest of these do not differ from the 
value *288 by more than the probable error. In a later section these 
results will be compared with theory. 


Value of R . 


Frequency . 


TABLE III. — Distribution of R (40 Years’ Data). 

•06 1 -09 


‘IO 

•15 

•16 

•17 

‘*8 J * j 9 

•20 j’2I 

•22 

-5 

•26 

•28 

•29 

__ 

‘ 3 1 

32 

*33 

■34 

.40 

•42 

•45 !-48 

!__ 

•52 

1 

2 

2 

1 

2 | 2 

3 1 3 1 

1 

2 

T 

l 

2 

2 

2 

2 

3 

1 

1 

1 1 

1 


Mean value of R — -252 ± *012, of R 2 ~ -075 ± *007. 
Standard deviation of R =?- hi ± -008, of R 2 = -062 ± *005. 


Again these values are believed to be representative, as is evidenced by 
the values, for the mean, of -239, -241, -271 and -256 for four blocks of 
ten. Only one value greater than -5 occurred, while one (the chance for 
which must be exceedingly small), was found to be as low as *oi. 

Although the distribution of R is far from normal, it is interesting to 
see that, in Table II., 22 values of R fall within, and 18 without, the 
limits -288 ± ( , 6745 )(*ii 3), while in Table III., 21 values fall within, and 
19 without, the limits *252 f (-6745 )(*in). It should be noted that the 
most frequently occurring value is not the mean, but some value lower 
than this (about *2), and the distribution is obviously skew, rising fairly 
rapidly for low values of R, and only tailing off gradually after -2 has been 
passed. A suggestion of a second mode, at about -35, is obviously due 
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to the sample we have taken being inadequately representative of the 
distribution as a whole, owing to its size. 

Proof of the Random Nature of the Samples. 

A good test of the randomness of the forty samples, and incidentally of 
the method of sampling adopted, is afforded by examining the three 
distributions (i.) of the t6o means, (ii.) of the 160 standard deviations, 
and (in.) of the 240 coefficients of correlation. The relevant facts as to 
these are set out below (for 40 years’ data). 

(i.) Range from -1*175 to + I * 3 * Mean -*07 (true mean o). 
3’34 

Standard deviation——/ —*53. Probable error 1*36. 86 values lie 

v 40 

within, and 74 without, the limits o -j *36. Divergence of actual from 
true mean is only one-seventh of standard deviation. 

(ii.) Range from 2-54104*24. Mean 3-26 (true value 3*34). Standard 

deviation — — *37. Probable error ±*25. 82 values lie within, and 

v 80 

78 without, the limits 3*34 + *25. Divergence from true value is only 
one-fifth of standard deviation. 

(iii.) Range from --48 to +-41. Mean +-002 (true value o). 

Standard deviation — -L-- = *i6. Probable error ±*n. 121 values lie 
J40 

within, and 119 without, the limits o±*ii. Divergence from true value 
is exceedingly small. 


Comparison with Theory. 

R. A. Fisher 7 has given, for the particular case of no real correlation, 
the distribution in random samples of N of a multiple correlation R, 
obtained by correlating n independent variates with a dependent variate. 
His result is that the frequency of occurrence within the elementary range 
between R * and R 2 + dR 2 of any specified value is given by 

r (~>~) r ( 

It follows that the probability of a value less than any specified amount 
R is given by the Incomplete Beta Function 8 


(R 2 ) 2 ( 1 - R 2 ) 


dR 2 . 


A table of this function is in course of preparation by the author. Such 
a table will have many applications : among others it will enable the 
meteorologist to test directly the significance of any value of R he obtains, 
and will indicate to him whether it has arisen by chance, or whether there 
is a real relationship between the factors tested. To take one example, 
suppose « = ^=40. The probability that a value of R greater than -5 

7 " Influence of Rainfall on the Yield of Wheat at Rothamsted,” Phil. Trans. R. Soc., 
B, 213 , p. 91, 1924. 

8 A(A 9) is defined as ( x*~ l {i -x)«~ l dx- f- fx*>- l ( 1 -x)«-'dx. 

J Q JQ 
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will occur is i -/. 2r ,(i*5, 18). A simple calculation gives this as -0148, 
so that a value of R greater than -5 may be expected to occur by chance 
in a population with no real relationship about once in sixty-eight times, 
when there are four variates and the data extend over 40 years. Actually 
in our experiment we reached such a value only once out of forty. If 
such a value occurred in practice, it would be regarded as showing a real 
relationship, for we have to make up our minds where to draw the line 
between what is significant and what is not, and R. A. Fisher 9 has 
suggested a probability of -05, or one in twenty, as a suitable point. 

To return to the actual distribution, we have the following values for 
the statistical constants associated with it : 

^~) r CV) 

Mean value of R— — 7— * • 

r C) r (f) 

This expression, which is difficult to calculate as it stands, may be 
expressed approximately as 



This approximation depends on N being fairly large, but it can also be 
applied without great loss of accuracy to n as well as to iVJ and we have 
the convenient formula 

Mean R*J-~ J - 
V 2N - 3 

Also (standard deviation) 2 of - (mean R) 2 , 

N- n - 1 

The corresponding formulae for R 2 are : 

n 

Mean value of R 2 =^~rf » 

N- 1 

(standard deviation) 2 of R 2 = (W~ ij 
Let us compare these results with experiment. % 

30 Years’ Data. 

-W— 3 °> « = 3 - 

Theory : mean R = '299 + -o 1 2. Experiment : mean R — *288. 

{r X=-II 9 ± *009. = • 1 1 3. 

Alternatively for R z we have the following : 

Theory: mean R 2 = -103 + -007. Experiment: mean A? 2 = -096. 

0-^ = -077 + -005. u> a =-o68. 

9 Statistical Methods for Research Workers, p. 79 et set/. Oliver & Boyd, 1925. 
St'C also Phil . Trans. R. Soc., B, 213, p. 95, 1924. 
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We may take it that the theoretical results are borne out very well by 
the results of our experiment. In only one case, that of cr mt is the 
divergence greater than the probable error of the constant. 

40 Years’ Data. 
iY= 4 o, n - 3. 

Theory : mean = -257 ±*012. Experiment : mean R — - 252. 

cr A , = *104 + -008. rr A , = • 1 1 1 . 

mean R 2 = *077 ± *007. mean A 2 ™ -075. 

ct* a . 3 — *059 ± *005. (r A . a = *062. 

Here again the agreement is excellent. 

The actual theoretical distribution is shown in Fig. 1, fitted to the 
observed values. The size of the sample (40) is, of course, too small 



for a regular gradation of values to be obtained. The theoretical 
frequencies to be expected are given in Table IV. ; these were obtained 
by using a planimeter on a large-scale drawing of the curve. 


TABLE IV. — Distribution of K‘ l (40 Years’ Data). 



An application of the “ goodness of lit” test 10 gives \ 2 = 17-56, n =22 
(clubbing together the frequencies above -2). Thus A=*68, and we 
conclude that in 68 out of 100 trials we should get in random sampling a 
fit as bad or worse than that observed (assuming the distribution to be 
normal). 

Thus a good measure of agreement between theory and experiment is 
indicated. 

Case where Real Correlation is Present. 

We have already indicated that a measure of the real relationship 
between a group of factors may be gauged by eliminating such correlations 

10 See Pearson, K., Tables for Statisticians , Introduction , p. x.vxi, and Table xii., pp. 
26-28. Cambridge University Press, 1914. 
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as might arise by chance on the basis of the foregoing theory, and 
estimating the significance of what is left. The actual theory, where 
correlation is present in the sample as a whole, is more difficult, and has 
not yet been fully worked out. It is as well to point out that, if the 
meteorologist chooses those factors which seem to have an upward or 
downward trend along with the factor he seeks to predict, he is really 
selecting out of a large number of factors those which give the maximum 
relationship. This still further complicates the problem, and it is therefore 
advisable to repeat what R. A. Fisher 11 said in 1923, namely, that the 
factors to be used in estimating the correlation should be chosen without 
reference to the trend of the dependent variate (e.g. rainfall). It is, of 
course, generally recognised that there is a limit (the number in the 
sample) to the number of factors that can be employed, and if the desire 
is to increase this number, the calculation should only be performed 
when a large sample is available. There are considerable arithmetical 
difficulties, however, in the way of extending the number of factors beyond 
five or six, and so the number of years of data (40), at present available 
for meteorological phenomena, may be regarded as quite adequate for the 
purpose in hand. 

It is fairly certain that the formulae adduced in this paper for the 
excess of the mean value of R, as determined from a number of samples, 
over the value in the population as a whole, give the maximum values. 
As R increases from zero, this excess will decrease steadily till it vanishes 
altogether at R=i. A similar argument applies to the case of the 
variance. 12 


Conclusions. 


The experiment has shown, and theory has confirmed, that when there 
is no real multiple correlation between the factors studied, definite values 
for the mean of a large number of samples, and for the variance, occur. 
These are given by the formulae cited, and there is no question that the 
( 1 — R^Y 

, whatever its applicability may be where correlation is 


formula 


present, fails entirely when R = o. It does not matter whether we apply 
this formula with R = o or R equal to the value derived from a particular 
sample. In both cases the result reached for the standard deviation 
(between *15 and *16 for ^=40) is a good deal too large. It is further 
shown that R. A. Fisher’s theory, applied to the limited sample of 
experiments, gives a reasonably good fit, as measured by Pearson’s 
criterion. The probability that any specified value of R will be exceeded 
by chance is given by a particular mathematical function, tables of which 
are in course of preparation. The form of the results for the more general 
case of real relationship existing between the factors is suggested, but the 
theory is still far from complete. 


1J Loc. cit., p. 95. 

12 P. Hall in Biometrika , xix., 1927, p. 104, has obtained for the mean value of A >2 
1 — .A* 2 i 

the approximate result - 2K 2 ), correct to — . He also gives for the standard 

2/1I i - A* 2 ) 

deviation of A’ 2 the value . , approximately, a result which is, however, insufficient, 

\! N 

as A'-^o. 
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Addendum. 


In the meantime the function ^ n may be expressed in 

terms of (a) a binomial series, or (b) a symmetrical integral which is tabulated, 
according as n is even or odd. Thus for n even the probability that A*, 
obtained from a random sample of /V observations, should exceed any 
specified value, is 

/>- ( I + X) - « A '- 3) ( : + *Lz 3 . x + + _ 

l 2 2’4 


_(jv- 3 ) . . . (jv-N+o 


V.-'}, 


2*4 . . . (n ~ 2) 

For n odd, the corresponding result is 


where X — 


R 2 


R 2 ' 




N- 2 1 




JN- 


-) 

0 


N - 3 

.(I +X)--V X 


/ j + A :~ 4x + (A:. 1)051- 6 ) a - 2 + . . + (^-4) 

1 3 3-5 3-5 


(-V- » + 1 ) x " - 

It - 2 


3 


}• 


/.A 7 * - 2 T \ 

r Phe first part of this result, /,-/£»( o o J, can be read off directly 

from “Student’s” Table of / (in Metron , Vol. V., No. 3, 1925, p. 26), by 
taking f~= J(/V~2)X, n-N- 2, subtracting the tabled value from unity, 
and then doubling. Unfortunately this table only extends as far as n ~ 20 
and does not give many places. For higher values the following approxi- 
mate formula 13 (correct to at least one per cent) should be used : 


ATriZT {,+X) ■ > -( l -MV+ a + o-.Y)> 


In the second part 




may be replaced by its approximate value 


and the binomial series involved is the same as that for n even. 
4 

The advantage of these formula; over those given by Fisher 14 is that 
the fiumber of independent variates, only enters into the /’-expressions to 
limit the number of terms of the series to be taken. The parts outside, 

and the successive terms, can be calculated once and for all for a number 

of typical values of N and R. Then the required answer is got by 

including n or — terms of the series, according as n is even or odd. 

2 2 

The meteorologist can by this means see at once the effect on the 
probability that a particular value of R will be exceeded by chance, of 
increasing, one at a time, the number of independent variates employed. 



1S For this and other approximations to the Incomplete Beta Function, see Biometnka , xix. , 
1927, pp. 1-38, and also xvii., 1925, pp. 68-78, and 469-472. 

14 Phil. Trans. A\ Soc. t B, 213, p. 93. Also Metron l V. , No. 3, p. 16. In the Metron 

/ ~ r/o - 2 

v .. n '* - Z in the denominator (//, odd), read s! n.cir . ~ !- 
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Table of Significant Values of the Multiple Correlation Coefficient 

The following table, computed from advance proofs of R. A. Fisher’s 
new table of “ c,” by kind permission of the author,* gives the values 
of the multiple correlation coefficient for two distinct levels of significance, 
and is based on the theory outlined in Memoirs, Vol. 2 , No. 13 . Part 
I. (5 per cent, point) gives the values that would occur on the average 
once in twenty times, in random sampling from uncorrclated material. 
Part II. (1 per cent, point) is a severer test, giving as it does the values 
that would arise by chance once in a hundred times, where there was 
no real relation. As the distribution is not normal, the “ probable error yt 
ceases to have its customary significance and should be replaced by such 
a table as this one, based on the exact distribution. In general the 


Part I —5 per cent Point. 


Degrees of 
freedom 


Number of Independent 

Variates=rt . 


— N — n — 1 

2 

! 3 

1 4 

5 


! 

•99875 

.999228 

.999444 

.999566 

.1)99644 

2 

•9747 

.9830 

<>873 

.9898 

•99149 

3 

.9297 

•9501 

.9612 

.9683 

•9732 

4 

.88 1 1 

.9120 

•9299 

- 94 1 6 

•9499 

5 

.8356 

•8743 

i .8978 

.9136 

•9252 

6 

-7947 

.8391 

.8668 

.8861 

.9004 j 

7 

•7583 

.8067 

.8378 

• 8599 

.8765 

8 

.7261 

•7771 

.8108 

•8351 

.8536 

9 

4)9 72 

.7502 

.7858 

.8119 

.8320 

10 

.6713 

.7257 

.71)27 

.7902 

.8116 

1 1 

.6480 

.7032 

■7414 

•77 00 

•7924 

1 2 

.6269 

.6826 

.7216 

•7511 

•7744 

13 

9077 

4)636 

.7032 

•7334 

•7574 

14 

59 or 

.6461 

.6861 

.7168 

• 74*4 

15 

•5739 

.6298 

.6701 

.701 2 

•7263 

16 

.5589 

•fH 47 

. 655 * 

.6865 

.7120 

T 7 

•5450 

.6OO6 

.64IO 

.6727 

.6985 

18 

•5321 

•5874 

.6278 

.6596 

.6856 

19 

.3201 

•5749 

4)154 

•f >473 

•6735 

20 * 

.5088 

■5b33 

.6036 

•b35b 

.6619 

25 

.4616 

•5139 

•5534 

.5851 

.6ll6 

30 

•4255 

•475b 

•5 1 38 

•5449 

.571 * 

35 

•3967 

.4446 

.4816 

•5TI9 

•5376 

40 

•3730 

.4190 

•4547 

.4841 

•5094 

45 

•3531 

•3973 

• 43 1 8 

.4605 

•4851 

50 

• 336 i 

•3787 

.4121 

.4400 

.4640 

60 

.3083 

.3481 

• 379 b 

.4060 

.4289 

70 

.2864 

• 3239 

•3537 

•3788 

.4007 

80 

.2686 

.3042 

.3325 

.3565 

•3774 

90 

■2538 

.2876 

. 3 M 7 

•3376 

•3577 

IOG 

.2412 

2735 

• 2995 

.3215 

.3408 
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value reached for a multiple correlation coefficient should be at least 
equal to that given in the 5 per cent, point table before a significant 
result is claimed for the data. The table can be used in confidence even 
with samples of small size, where any criterion based on “ probable 
error ” would be impossible of application. 


Part II t i*kr cpnt Point. 


Degrees of 
freedom 


Number of Independent 

Variates — n. 


— N — 11 — 1 . 

2 

3 

4 

5 

9 

1 

.9999500 

. , _ . . 

.9999691 

•9999778 

.9999826 

.991*9858 

2 

.99499 

.99666 

.99749 

•99799 

•99833 

3 

•9765 

•9834 

.9872 

.9895 

.991 16 

4 

.0487 

•9 623 

-9701 

•9752 

.9788 

5 

•9173 

•9373 

.9493 

•9573 

.963 1 

6 

•H «57 

.91 12 

.9269 

9377 

■9457 

7 

■8554 

.8852 

.<>042 

.9179 

.9276 

8 

.8269 

.860^ 

.8820 

.8976 

.9094 

9 

.8004 

-8365 

.8606 

.8780 

.8914 

10 

•7758 

.8141 

.8401 

.8591 

• 8739 

1 1 

7531 

•7931 

.8206 

.8410 

.8570 

12 

7320 

•7734 

.8021 

.8237 

.8407 

13 

•7125 

•7549 

■7849 

.8072 

.8251 

14 

•9943 

•7375 

.7981 

•7915 

.8101 

15 

•9774 

.7211 

.7524 

■77 65 

• 7958 

1 6 

. 69 1 9 

■7057 

73 79 

.7622 

.7821 

«7 

.6468 

.691 2 

7235 

.7487 

.7991 

18 

.6329 

•6775 

.7102 

•7357 

•7565 

19 

.6198 

.6646 

•9975 

.7234 

7445 

20 

.9075 

6523 

•9854 

.71 1 9 

•7330 

25 

-555 > 

.5995 

.9329 

.6598 

.9822 

3 ° 

■ 5 U 2 

•5575 

.5906 

.6175 

.9403 

35 

.4810 

523 * 

.5559 

.5823 

.6050 

40 

4535 

•4943 

.529 2 

•5524 

.5749 

45 

.4302 

.4998 

.5009 

.5266 

.5488 

50 

.4102 

.4486 

.4789 

•5041 

.5260 

60 

•3772 

•4135 

4423 

.4665 

.4876 

70 

• 35 1 1 

• 3«55 

.4130 

4362 

•4595 

80 

.3298 

.3626 

.3889 

.41 12 

.4307 

90 

• 3 1 19 

•3433 

•3985 

.3899 

.4088 

100 

.2969 

.3267 

.3510 

37*7 

.3899 


The table should be entered in the column corresponding to the 
number of independent variates (the n of the Memoir cited), and on the 
line determined, not by the size of the sample, but by the number 
of degrees of freedom in which the observations may deviate from the 
regression function. Thus if N is the number in the sample we enter 
on the lino N-n-i. This test of significance for R is, in fact, the test 
whether the mean square ascribable to the regression function is or is 
not significantly greater than the mean square of deviations from the 


regression function. 

Erratum. — In Memoirs , Vol. 2, No. 13, p. 36 (footnote), for “ mean value ” 
read “ mean excess.” 

John Wishart, M.A., D.Sc. 

Statistical Department, Rolhamsted Experimental Station. 


* Statistical Methods for Research Workers. Second Edition. Oliver and 
Boyd, 1928. 
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The Correlation between Product Moments of any Order in 
Samples from a Normal Population. By John Wishart, 

M.A , D.Sc., Statistical Department, Rothamsted Experimental 
Station. Communicated by Professor E. T. Whittaker, F.R.S. 

(MS. received November 21, 192H. Read January 7, 1929.) 

1. A problem of considerable importance in the theory of statistics is 
the determination of the accuracy with which a given sample of observa- 
tions determines the characteristics of the population from which it is 
derived. Any parameter of this distribution can only in practice be 
estimated from the sample, and the degree of latitude in our choice of the 
right function enables considerations of suitability and efficiency of the 
particular moment statistic to be taken into account. As well as this, 
however, the probable errors of such frequency constants, or, to be more 
complete, the distribution of the constants in all possible samples, must 
be determined. These problems were formulated many years ago by 
Karl Pearson (1), and his important researches have stimulated and 
suggested much subsequent work. His probable error formulae, however, 
are only applicable with strictness to large samples, i.e. they are approxi- 
mations in N, the number of the sample, in the sense that terms of order 

have been neglected in comparison with 1. Recent work has been 

directed to removing this limitation, and since the pioneer work of 
“ Student” in 1908 (2) a great deal of progress has been made with the 
theory of the small sample. The experimenter need no longer be 
discouraged if he is unable to produce as many as fifty or sixty observa- 
tions. It is still true, of course, that a small sample cannot be expected 
to give as accurate a determination of the population parameters as a 
large one, but the limits of error are now precisely defined in a way that 
was not possible before. 

Certain simple results of the large sample theory on the correlation 
between the estimated direct and product moment coefficients in samples 
from a bi-variate population have prompted me in this paper to consider 
how far they are true exactly. The problems are of interest in themselves, 
but also for the tests they furnish of the normality or otherwise of any 
given body of data. Suppose x P1 ? x 92 , . . . x^ are the observed N 

values of a variate x P) and x Q2 , . . . are the corresponding values 
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of a variate ,r q> in a sample chosen from an infinite population having two 
correlated variables, both normally distributed. Let the estimate of the 
second order product moment coefficient (co- variance), obtained from the 
sample, be defined by 

n pQ — yv { J 'v ~ i *‘p)( x q ~ 

where x v ;/ g are the mean values in the sample of the variates x Pf x Q 
respectively. Then 1 have shown (3) that the correlation between the 
estimates of any two second order product moments, over all samples 
of N that can be drawn from the population, is given by 


r _ PibP‘24 + 23 ( 1 \ 

where p VQ is the correlation in the population between the p th and q th 
variates. 

In particular, if we put 1 — 2 and 3 = 4 we have the correlation 
between the estimates a n and a 22 of the variances in the form 

ra u a n =,>vi “ (2) 

We may now go on to consider the problem of the correlation between 
estimated product moment coefficients of higher order than the second. 

Let 

1 * 

™iu = \1 -*)*(!/- P) u 


be the estimate from the sample of the general product moment co- 
efficient of the (t + u) ih order. No exact solution has hitherto been 
reached for the correlation between m tu and m vw even in samples from a 
normal population. It depends, evidently, upon considering the bi-variate 
distribution, in all possible samples, of the estimates m tu and m vw , and 
determining from this distribution (a) the variances of m tu and m vw and 
( b ) the product moment coefficient of m tu and m vw . This distribution is 
not known. R. A. Fisher (4) has recently shown, however, that if in 
place of the moment function estimates m tu we calculate certain symmetric 
functions of the observations k tu (defined below), which are analogous 
to the semi-invariants K tu of the sampled population, then the semi- 
invariants of the simultaneous distribution in samples of any number 
of the quantities k tu can be determined from the solution of a problem in 
combinatorial analysis. It is therefore possible to generalise (1) in semi- 
invariant form, and it then appears that correlations, for samples from 
a normal population, can only exist between k tu and k vw when t -f u = v + w, 
i.e. correlation can only exist between these symmetric functions as 
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defined when they are of the same order. It will be shown in this paper 
that the correlation between the estimates k t0 and k ot is given by 

r W\t =pt < 3 )’ 

which is therefore a generalisation of (2), and more generally that the 
correlation between Jc tu and lc vw , subject only to the condition that 
v-\- -iv = t-\-u, is 

_ f> l ~ v F( - u, ~v,t - n + 1, p 1 ) 


k tu k vw (t-v)l' (u'.T 


,2 \ \ * 


• (4), 


I " -jF( - t, l )P »)j 

where F denotes the hypergeometric series 

F(«, (l y, /) = 1 + U ' tr + + ‘ ‘ + .... 

^ ' 1 ! y 2 ! y(y + 1 ) 

and t — v is positive. 

2. Consider an infinite population in which the variable can take the 
value x v with probability P,,(r = 0, 1, . . . oo), P„ being positive quantities 

or 

satisfying the relation ^ I *,, = 1 . Then the moment coefficients of this 

,■=0 

distribution, about zero as origin, are given by 

i/ = () 

or, about the mean fx A \ by 

00 

f^h ~ ( J 'v ~ Pi ) h • f V’ 

V -0 

The semi-invariants K h are defined by the identical relation 

ex,,!*' j = ^eV. P„. 

h =0 n 1 i/ = 0 

t They can therefore be expressed in terms of the moment coefficients in the 
following way : — 

■ - ■ ©'• ">■■ 

the summation with respect to i being over all the non-negative integers 
i 2 . . . i h satisfying the relations i 2 + . . . + H — U 2i 2 + 3i 3 + • * . 
+ hifr = h. 

Special cases are (5) 

K i ~ A 1 ] 

*2 “ A*2 > K 3 ** A 4 3 

k 4 = /*4- W 
k 5 = / a 5 - 10 "3/^2 
K (i = /4 0 - 1 - 1 0/4 s s + 30/V 


( 5 ) 
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Alternatively the moment coefficients (/*) can be expressed in terms of the 
semi -invariants ( k ) by the formula 

For a bi-variate population the moment coefficients are conveniently 
designated by means of a double suffix notation. Thus about zero we 
have 

00 

Poh = 

v^O 

and about the means ^ 10 ' and /ul 0] ' of the x and y variates respectively, 

00 

oh — ,2, (**V “ ) Q (Vv ~ Mol ) h • 

The semi-invariants K gh are then defined by means of the identity 


ex P- 2 2 K <* 


tft* _ * 
9 • 


, = ^ . P„ 


The simplest of the relations between K yh and /uL yh are the following : — 

K i i ~ t l n \ 

k '21~P 21 I ^ 

K 31 ~ Msi ~ *V20Mll I 

k 22 ~ ^22 ~ f l 20^02 ~ -Vll J 

Obviously when either g or It is equal to 0 the relations are given by (5) 
on adding a 0 before or after the suffix there given. 

From a sample of size N an estimate m h is made of the moment 
coefficient n h by calculating 

As an estimate of the semi -invariants k. II. A. Fisher has determined a 
series of symmetric functions k in such a way that the mean value of 
any h over all samples shall be equal to the corresponding semi-invariant 
( k ) in the sampled population. The simplest of his results are 

L^( r ) 

; N 
** = N l™ 2 

= (N - I )(N ~‘2)" 3 


. (5a) 
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in Samples from a Normal Population. 

Regarded as new variates, the quantities k lf k. A . . etc., will vary 
from sample to sample in a multi- variate distribution which can in 
general be specified by its moment coefficients, or, if we like, its semi- 
invariants. These can be determined in terms of the moment coefficients 
0 a), or semi-invariants (k) of the original population, either by straight- 
forward, if laborious, algebra, or more directly and elegantly by means 
of combinatorial analysis. The original population must be infinite in 
extent, but may have any law of distribution. Thus, suppose we require 
to find the second semi-invariant, or the variance, of Jc t . k t is chosen as 
such a function of the observations in one sample that the mean value of 
k t in all possible samples is K t . We then require the mean value of 
(k t — Kt) 2 . This will be denoted by *(£ t), and is a semi-invariant of the 
second order. The number 2 f is first divided in any chosen way into 
two parts of t units each. Now K(t t) will consist of a number of terms 
comprising the k s of the original population, the first being that in k 21 
corresponding to the simple partition ( t t) of the number 2 1. It will be 

associated with a coefficient The next term will involve K 2t ~ 2 K 2 cor- 
responding to the second order partition 

/ - 1 / - 1 

1 1 

in which the two units to be taken together as partners in the second 
row can be chosen in t~ ways. There is, therefore, a numerical coeffi- 
cient t 2 , and an N -coefficient, according to Fisher’s rules, of And 

so on. There are always two columns, for we are evaluating a second 
order semi-invariant, and each adds up to t, but the successive terms 
depend upon partitioning the number t into a varying number of parts, 
and there will thus be a varying number of rows, the sums of which 
specify the particular constituent semi-invariants involved. No row can 
add up to 1 since the formula involves semi-invariants about the mean of 
the population, and therefore cannot involve k v while, according to Fisher’s 
rules, no row of a two-column partition can contain a zero entry, because 
the N-coefficient would vanish in such a case. There will be a particular 
N-coefficient for every pattern, this depending only upon the number of 
rows, and not on the nature of the partition. The numerical coefficient 
is always the number of ways in which the second order partition can be 
set up. We shall assume in what follows that the original population is 
normally distributed. It follows that all k s higher than k 2 vanish, and 
the only partition left to consider is one of t rows, each containing one 
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unit in each column. This partition can be set up in /! different ways, 
regarding the two sets of t units each as aggregates of different objects, 
interchangeable within the column, but not between one column and 
another. The N-coefficient is 


’ ' 7 * N ( N - l j" 7 . . ( N - r + 1 )’ 

where A r 0* is defined as the r th difference of | x |* when x = 0. The 
differences of the powers of zero are tabulated in a number of textbooks 

(6). This N-coefficient is also ^th of the leading term in the expression 

for k t in terms of m t> and lower order ms. It should be emphasised here 
that the N-coefficient is the same in all the cases to be considered in this 
paper, since it depends only on the pattern, and not at all on the parti- 
cular partition to be evaluated. 

We may now write down directly the variance of k t . It is, in fact, 


t ! 


y ( r -J) ! 

r 


A r 0< 


N(N - 1) 


(N • r+ 1 ) 


. (8) 


in which k 2 may be replaced by a 2 , wliere <r is the standard deviation in 
the population. 

For a bi-variate population in which the variates x and y are both 
normally distributed, we may conveniently use the notation k t0 to express 
the / th symmetric function of the observations of the a'-variate, and k ot 
to express the corresponding function of the //-variate. k 20 is then the 
second semi-invariant of the rc-variate in the population, and may be 
equated to <r A 2 , while k Q2 is the corresponding semi-invariant of the 
//-variate, and is equal to <r 2 2 . The variances of k t0 and k ot are then both 
expressed by (8), if k 2 is replaced by k 20 and k 02 respectively, or by af 
and a 2 . 

Now to determine the correlation between k tQ and k ot in samples from 
our normal bi-vari&te population we require the product semi-invariant, 
or moment, of h t0 and k Qt . The partition is the same as before, but the 
objects in the first column are to be regarded as of one kind, correspond- 
ing to the .r-variate, while those of the second column are of another kind 
(//-variate). The number of ways in which the partition can be set up is 
still 1 1 and the N-coefficient remains the same, but the addition along a row 
is to be expressed as /c n (because the . two l’s represent different objects). 
Now k u is the second order product semi-invariant of the x and y variates 
in the original population, and is equal to / u 11> or to cr l <r 2 p , where p is the 
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(9) 


correlation coefficient between the x and y variates in the population, 
The product semi-invariant of k t0 and k ot is therefore 

/ 1 y * r °i 

2* r ' N(N - 1) . . . (N ~r+l) 1 ' 

The correlation between lc t0 and k ot ; from (8) and (9), is then 

(f 0 \ 

K lo *) 


*o *o« / // 1 






• (10) 


In the central expression the notation is designed so that the first row 
corresponds to the variate and the second to the y- variate, while the 
number of columns depends upon the order (in this case the second) of the 
semi-invariant to be evaluated. 

Our first rule is then : 


The correlat ion between the t ih symmetric functions and k ot in 
samples from a hi-variatc normal population is p t y where p is the 
correlai ion coefficient in the sampled population. 


This is the required generalisation of equation (2). The condition 
that our pattern shall have no zero entries implies that for samples from 
a normal population no correlation can exist between k t0 and k UQ or 
between k t0 and k ou , unless u = t. This is an advantage over ordinary 
moments. For example, correlation does exist between the estimates m 2 
and m 4 of the second and fourth moments obtained from samples of N 
drawn from a normal population. Its value is 


r _ x/3(In t -1) 

W2 v4N*-9 N + 0* 

3. Correlation between Product Sy mmetric Functions of Two Variates. 
k tu is defined as that symmetric function of the observations of the 
sample whose mean value, taken over all possible samples, is K tu s defined 
by (6). The simplest of these functions are 


7 N 


, N2 

21 ~ (N - I )(N - 2) n ‘ n 


h - -- {(N + l)m. n - 3(N - l)w 20 ia n ) 

31 (N-1)(N -2)(N-3)l v ' dl 20 11 J 

h- —1 f (N + 1 )?7?no - (N - ] )(™ 2 0 m 02 + 2 ™11 2 )) I 

22 (N-1)(N-2)(N-3)\ V ; 22 v 02 11 ) ) 


( 11 ) 


These correspond to the relations for K tu in terms of /xs given in (7), 
while 
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The combinatorial problem for the case of product functions is analogous 
to that developed above for the direct functions. Thus, to determine the 
variance of k tu we have to consider a two-column partition in each of 
which there are (t + u) units, but t are of one kind (and may be 
denoted by 1) while u are of another kind ( X ). The condition of 
normality assumed for the population, together with the rule that no zero 
can occur in a two-column partition, ensures that there shall be t -f- u 
rows each containing one unit, of the 1 or x kind, in each column. The 
total number of ways in which the partition may be set up is (t + u)\> as 
in the simple case, but the partitions are divided up into sets which differ 
in their row totals. 

Thus for the partition 

1 1 
1 1 
I 1 


X X 

x x 


in which there are t l’s and u x ’s in each column partnered by t Is and 
u x s in the other column, the number of different ways in which the 
objects can be arranged is t ! u ! . This partition determines a term in 
/c 20 V 02 m t ie. in t r 1 2t o' 2 2tt by adding along the rows, with numerical co- 
efficient t ! u ! and N-coefficient as in (8), replacing t by t + n. If now 
at the junction of I s and x s a pair in one column be interchanged we 
shall have a quartette 

1 x 
x 1 

Each 1 can be chosen out of t to occupy this position in t ways, and 
likewise each x can be chosen in u ways. In the remaining t~ 1 rows 
all occupied by Is the units can be arranged in (/, — 1) ! ways, while in 
the remaining u~ 1 rows occupied by x s there are (?/, — 1)1 arrange- 
ments. The numerical coefficient of this pattern is therefore 


t 2 . u 2 . (t - 1 ) ! (u - 1) ! or t .u.t \u \ , 
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while the N-coefficient is as before, and the term is that in K 20 i ”’ 1 *o 2 U "" 1 * , ii 2 , 
which may be written erf 24 . <r * u . p~. 

Let now two x ’s overlap the l’s and vice versa. Two l’s in each 

column can be chosen out of t in ways, and likewise two x ’s in 

u(u~ 1) 

2! 


ways. There are now two quartettes 


1 


each of which may be arranged in two ways, remembering that the 
units represent different objects. Finally the blocks of Ts and x s left 
together may be arranged in (/ — 2) ! and (u — 2) ! ways respectively, so that 
our numerical coefficient is 

t 2 (t - 1 ) 2 u 2 (u - 1)- 2 2 (/ - 2) f (u - 2) 1 

4 ’ 4 * ' v v 

__/(/- l).?i(w-l) , , 

22 ' 1 

wliile the term is that in ^ 2 o <-2/c o 2 W_2/f u 4 , or 2e<T 2 2u /° 4 - We l‘ ave > therefore, 
the following series for the variance of k tu : — 

tiu ((r- 1 ) ! AT) <+W 


‘'•'irv 

r- l 


' N(N-T) : . . ( N -Y+ 1 ) / 




t . u 0 - l)w(?^ - 1) 


1 + u r+ 


1.2. 1.2 


<(<-!)(*- 


-2).li(?^~l)(M-2) 6 , ] 

.2.3 . 1.2.3 * * J 


the last term being, simply, ^ — u ^\P lu corresponding to the 

partition where all the x *s are partnered by l’s. 

But this series is the hypergeometric series F( — /, — u, 1, p 2 ), and we 
therefore have 


Variance of k tu 

/■= i 


N(N 


A r 0 < ’ fw 

■ 1) • • (N • 


■+1 )l 


-u, l,p 2 ) (12), 


in which the restriction that / > u is no longer operative. 

The limitation of our patterns to those of 2 columns only, and the 
assumed normal law of distribution which determines that each row of 
the partition shall add up to k 20 or ^ 1? and finally the rule that no zero 
entry can occur in such partitions as we are considering, preclude the 
possibility of any correlation existing between k tu and k viv unless 
v -p u> = t -f u. Let us consider this case, assuming for clearness that w>u . 
First we note that the variance of k vw is given by an expression similar 
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to (12), putting f — v, u = w. For the product semi-invariant, or moment, 
of k tu and Jc vw we require to consider a partition in which we have in 
the first column i Fs and u X ’s. and in the second v — t—p Fs and 
tv — u- \-p x s. (Consider as the first partition that in which there is 
as little overlap as possible. 

f 1 1 

1 1 
' ! I 1 



t 

I 

u 


1 

1 

X 

X 

X 


1 

X 

X 

X 

X 

X 


t 

I 

V 

I 

1 


p l’s can be chosen out of t in wa y s > an d V x s 0ll f of u + p in 

wa ^ s ' (^ — /d Is in each column remain partnered, and can be 

arranged in (t—p)\ ways. Similarly the lower block containing u x ’s 
in each column can be arranged in u\ ways, and finally the central set, 
where p Fs are partnered by p X ’s, can be arranged in pi ways. The 
numerical coefficient is therefore 


/ ! 

p\(t -;>)! 


(u + p)l 
pi u\ 


(t- p)\ ul p 


il(u +y>)! 

Pi ' 


while the term is that in K 20 t ~ p K 02 u K n p — <r l t+v (r 2 u+w p r> . The N-coefficient is 
the same as in the 'case of the two variances, since it depends only on the 
pattern, and not at all on the arrangement within the pattern. 

If we now allow another two rows to come into the “overlapping” 
portion we can determine in similar fashion the numerical coefficient 
belonging to this arrangement. It is, in fact, 


u (t ~ p){u+p)l tl 

(p + l)! 


while the term is that in 


<ri t+ V 2 u + w pP +2 . Proceeding 



11 


in Samples from a Normal Population. 


in this way we find for the product semi -in variant of h tu and k vw the 
following expression 


/!(**+£)_! f(r - i) ! 
P l “i l r 


A r 0*' itt 
N(N - 1)...(N 


\ 

'•+1)1 


fr l t+t,<r 2 M+M? * f )P 


X 


1 + 


u{i~p) o 

j) + 1 / 


1.2. (,.+ !)(//+ 2) ' ' 


In this replace p by t — v, and note that the series in p~ is again a hyper- 
geornetric one. It becomes 


/!«-! ■t” i(r - 1 )! 


(t- 


,2 


A r 0* +tt 

N(N - I). . . (N - r + 


f ) j "V +v * - «, - r, t-v+ 1 , p 2) (13) 


Now take (13) in conjunction with (12), and the analogous formula for 
the variance of h vw . We find that the correlation between l: iu and k vw in 
samples of N from a normal bi-variate population of correlation p is 


f> . F( - tt, - r, t - r + 1 p 2 ) 

___ (t : vy. 

K iu' k vw in ' , vl.., , 

.!( t, - w, 1, />“). - -m\ 1, p-)l 

1. 1 . 10 ! J 


. (U) 


This formula is subject to the conditions that l + u — v+w, while f — v>0. 

A particular case of some importance occurs when r — n, w — t . We 
have : 


Correlation between h tu and k ut 

= __ / i. F ( " w > - ~ + 1, p 2 ) 

m !(/ - ?/)! F( - /, - w, 1, p 2 ) 

_ , F(-/, - m, 1, l/p 2 ) 

F( - t, - a, 1, p 2 ) ‘ 


C>w) 


(15), 


using a well-known transformation of the hypergeometric series. 

4. Particular Canes. — Formula? (14) and (15) for the correlation between 
the symmetric functions k, as defined, are generalisations of (1). The 
chief interest of the practical statistician will, however, be in particular 
cases of low order, and for these he will require to know the actual values 
of the symmetric functions, in terms of the observations. Thus : 

(a) Let 

+ = <N-1)<W' 21 a " d . + = (N-l)(N-2r- 


i 21 being the third order product moment estimate 


j-; 2 (• K -*) 2 0/-y). 
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so that, if we like, 

7 N / 2 1 2 

21 = (N^T)(N-”2)V S ' 21 n Wll ' s ‘ 10 " S' * 20 ‘ 01 + P* 

where 

N 

■Vo = 2, -'■ a '/ b 


)• 


Then 


(6) Let 


__p(2 + p 2 ) 
*21 *12 1 + 2p 2 


(16) 


= - - --- ( (N + 1 )m, n - 3(N - 1 W*o 6 ™ n 

31 (N - 1)(N - 2)(N - 3) i } 31 v ' 20 11 J 


N 


= (N - 1)(N~ - 2)(N - 3) l 


C v 


N + l 


( N 4- 1 ^ - (^so* s ’oi + ^ x 2i ,s io) 


3(N - 1) 
N 


+ (’WlO^Ol + tS> ll S 10 2 ) ~ ^2 S 10 3,<? Ol| t 


(17) 


with a similar expression for k n . Then 

P 2 (3 + p 2 ) 

*»i ‘ *13 1 + 3p 2 

(c) Let 

*«- (N - l)(/’a)(N - 8 ) ( (K + D-".- (M - 1 >C".. , »« + 0»u-)) 

-(M - 1 X N -2)(N - Sf (< N + , >.= - 

+ ^( ,s ‘20 ,S *Ol 2 + *02*10* + **11*10*01 ) " J^2^T0 2 ^01 2 } * 


Then 


_ _ s /6.p(l+p 2 ) 

*31 *22 *13 *22 { ( 1 + 3p‘“)( l + 4p 2 -f p 4 )}* 


(18) 


5. To sum up, it is apparent that no simple generalisation of equations 
(1) and (2) exists for the correlation between the ordinary moment 
coefficients. A law lias been found, however, for certain symmetric 
functions derived from the moments, and which are estimates of the semi- 
invariants of the population. Similar generalisations have been found 
already to hold for these functions in sampling problems. Thus the well- 
known formulae for the moments of the distribution of the mean in 
samples are summed up, in the notation of this paper, by the formula 


*(l r ) 


K r 

- jjjr-i ’ 


or, in words: The r th semi-invariant of the distribution of the mean 
is equal to the r th semi-invariant of the sampled population, divided by 
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N**- 1 . Again, I have shown elsewhere (7) that a study of the number of 
ways of arranging different rods in a ring leads to the determination 
of the moments of the simultaneous distribution of second order product 
moments in samples from a normal multi- variate population. The 
moments determined directly by this combinatorial problem are, however, 
the semi-invariants, which can then be transformed into direct moments 
if desired. Finally, R. A. Fisher, in the paper cited at the outset (4), has 
shown that all the moments of moment functions in samples can be 
directly and simply determined in semi-invariant form. These interesting 
relationships, of which only a special class of cases has been studied 
here, will well repay further examination, while the convenient generalisa- 
tions made possible by their means may be held to justify the departure 
from the traditional machinery of the English biometrician. 
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MOMENTS AND PRODUCT MOMENTS OF SAMPLING 
DISTRIBUTIONS 
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[Extracted from the Proceedings of the London Mathematical Society , Scr. 2, Do/. 30, Part 3.] 


1. Introductory. 

If a random sample of n observations lie taken from a univariate dis- 
tribution, and the sample values obtained be designated by X\, ..., x n , 

then any symmetric function of these sample values of degree r may 
be termed a moment function of the sample of the r-th degree. If the 
coefficients of the symmetric function involve the sample number n 
in such a way that, as n tends to infinity, the value of the function 
tends to a finite limit, in the sense that the probability of exceeding 
or falling short of that limit by a positive quantity c, however small, 
tends to zero, then the limit to which it tends is a moment function 
ofr the population sampled, and the moment function of the sample 
may be regarded as a statistical estimate of the corresponding moment 
function of the population. 

If we consider the random sampling distribution of such a statistic 
it is evident that the moment functions of this distribution will be ex- 
pressible in terms of the moment functions of the original distribution, 
in so far as these are finite, by means of formulae which will be inde- 
pendent of the nature of this distribution. For example, a moment 
function of degree s of the sampling distribution of a moment function 
of degree r will involve only symmetric functions of the observations 
of degree rs , and will therefore be expressible as a moment function of 
the population of this degree, irrespective of the moments of higher 
degree. 
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Numerous researches have heen made into the moments, chiefly of 
the second order, of moment statistics. The algebraic method was 
developed by Sheppard [ 1 ], and used extensively by Pearson [ 2 , 3 ] and 
Isserlis [ 4 , 5 ]; in all these researches, however, owing to the supposi- 
tion that the mean of the sample coincides with the mean of the popula- 
tion, or for other similar reasons, the results are only first approxima- 
tions neglecting n~ l . In 1918 [ 6 ] Soper obtained a number of approxima- 
tions as far as n~'\ In 1908 “Student" [ 7 ] derived an exact formula 
for the second moment of the variance as estimated, which corresponds 
in a different notation to equation (1) of this paper for the univariate 
case. 1 inter, much work, by the exact algebraic method, was carried 
out by Tchouproff [8], who obtained in this way the first eight moments 
of the mean, in addition to the univariate formulae corresponding to 
numbers (5) and (14). Tchouproff's version of (14) in the univariate pro- 
blem was subsequently corrected by Church [ 9 ], The application of 
the combinatorial method developed below to the general moments of 
the distribution of statistics of the second degree from normal multi- 
variate populations has already appeared in a paper bv J. Wishart 

in]. 

Apart from the last, these results are subject to two somewhat 
serious limitations; the great complexity of the results attained detracts 
largely from the possibility either of a theoretical comprehension of 
their meaning, or of numerical applications; it has also led to great 
difficulties in the detection of errors, which have laid on more than one 
occasion to be corrected by subsequent workers. Secondly, partly no 
doubt in consequence of this complexity, attention has been almost 
solely ('online, (1 to the direct, moments of single statistic's, and the product 
moments, specifying the simultaneous distribution of two or more 
statistics, have been largely neglected. The total number of formulae 
of degree no higher than 12 is large, and it is scarcely possible that the 
whole body should be made available, either for study or for use, unless 
an improved notation can he found which will greatly simplify the 
algebraic expressions. It w T ill he shown that the formulae are much 
simplified by the use of the cumulative moment functions, or semi- 
invariants, in place of the crude moments. 

The importance of the formulae lies in their generality; they are 
applicable to all distributions for which the expressions have a mean- 
ing. In the present state of our knowledge any information, however 
incomplete, as to sampling distributions is likely to be of frequent use, 
irrespective of the fact that moment functions only provide statistical 
estimates of high efficiency for a special type of distribution [10]. 
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2. The cumulative moment functions. 

If the probability that a single sample value falls in the range dx is 

< p(x ) dx, 

then the function 

M — j <Tef , 

taken over all possible values of the variate x , may, or may not, have a 
meaning for real values of t. If it has a meaning we may expand the 
exponential term, and, writing 


juL r = j x r <p(x)dx , 

f 2 ^ 

we have M — 1 + /d +/X3 ^-y + — 

If we expand the logarithm of M in powers of t we may write 

t 2 t s 

K = log TV/ = k x ^ , +^3 + • . • , 

where the cumulative moment fund ions i< are determinate functions of 
the moments /*, whether the series converges or not; moreover, since K r 
involves only fj. r , and lower orders, if follows that, if fi v . fi r are finite, 
so will ki, K r be finite. 

The expression of k v in terms of /<. will involve the term 


corresponding to any partition 

{pWV ■••/!*) 

of the integer r, with coefficient 


i)j r_! , 

tt,! tt 3 ! ... tt a ! ( Pl \ r ( p 2 \ r >.'-( Pk ' r ' 

where p = S(7r) is the number of parts. 

Similarly, the expression /a r in terms of k will involve the term 
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with coefficient 

1 r! 

7T X ! 7 r 2 ! ...7 r/ f ! ( < Pi!) ,r, (j?a ! ) 7r *..-( j Pfc!) ,r *" 

The simplification of moment formulae obtained by referring the 
moments to the mean of the distribution is due to the fact that, when 
Hi = 0, no subsequent fx involves k\, and the number of partitions re- 
quired is much reduced ; thus 


M2 = *2’ Ms — *8> Vi — *4 + 3/ 4 

and so on. The advantage of this simplification may be carried to higher 
orders by consistently using the cumulative moment functions k in place 
of the moments /x. 

The cumulative moment functions supply an immediate solution of 
the problem of the distribution of the mean, for, using the well known 
cumulative property, that, if x and y are independent variates, 


K(x + y) = Ii{x)+K{y\ 


where K (x) stands for the K function specifying the distribution of x , 
we find that, if = ${x) is the sum of n independent values constitut- 
ing a sample from a given distribution, then 

K (s : ) = nK(x) 

— t + uk 2 2"j -\-nK z g , + . . . ; 


but the mean is x — (l/n)#i; consequently the K function of the mean 
is found by substituting t/n for / in the series for K($i), giving 


K(x) = Klt+^ 


f K / 3 
Z L ZJL Z L 

2 ! ' ri l 3 ! 


The value of K r in the distribution of the mean is thus found from 
that of the sampled distribution by dividing by n r ~ l . 


3. The appropriate moment statistics. 

In order to take the full advantage of the properties of the cumulative 
moment functions, it is necessary to introduce a modification also into 
the form of the moment statistics ; it is usual to employ statistics which 
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may be written 


1 


in, ~ — 
n 


S {x — x ) r , 


which are called the moments of (lie sample about its mean, together 
with the mean itself, x. These moments may be expressed in terms of 
the symmetric functions defined by 

S r == S{x r ), 

by direct expansion ; for example, 

x = 

m 2 — n s 2 — n~~ 

?n 2 = n _1 s n — 3 n ~ 2 s x s 2 -f 2n~' 3 x 3 v 

and so on. While the coefficients n~ l , n~'\ etc., are kept simple, we here 
encounter the complication that the mean value of m s is not in finite 
samples equal to /ul s > ; in order that this should be so we should multiply 
m 2 by w/(n— 1), and m ;! by ri 2 /[{n — l)(n— 2)] ; further, for functions of the 
fourth and higher degrees, w,. is not a linear function of the moments /q 
and, in consequence, a moment statistic of which the mean is tc r will not 
lie exactly the same function of moment statistics, of which the means 
are jul,, as k> is of /),. As a preliminary step, therefore, to the simplifica- 
tion of the formulae to be obtained, it will he desirable to obtain, in 
terms of the direct summation values s n the moment statistics of each 
degree of which the sampling means shall be k v /c. 2 , k. 6 , — Tliey will 
be represented by k 2 , fr 3 , .... 

The first few statistics which fulfil this condition are 


k x — m x — n 1 s lt 


^ = n - 1 ^ = 7=1 


ka 


8 (n — 1) (n — 2) Wb (m — 1) (n — 2) 


- (s$ 3 n S|_ % -f~ 2 m s 1 j , 


lc * — («.— 


n 


(n— l)(n'— 2)(/i— 3) 


|(»+l)w 4 — 3 (m-1) m * } 


1W n - l T : , |(»+l)s 4 -4»- 1 (n+l)s 1 * 8 — 3» *(«- l)s 8 

(n— l)(w— 2)(n— 3) 

+ 12/t” 1 sf s.j — 6n " 2 s x } , 
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w a 


(n — 1 ) (n — 2) (?i — 8 ) ( n — - 4 ) 


i / , + 5 . ^ H — r 1 

X (» • + 5) s 5 — 5 — — s 4 — 1 0 — — .% s 3 

/// /O' 


;/ + 2 o . OA n — 1 9 60 3 ,24 5 ) 

+ 20 s i‘ s ‘s+ 80 ~ n 2~ s i s 2~ ^ «i« 2 + "a **i { . 


*« = 


(w— 1) ... (?i — 5) 


(?/ + 1) (n 2 + 1 — 4) ■— 1 5 (?i — - 1) 2 (n + 4) m 2 m 4 

— 10 (n — 1) ( n 2 — + 4) m‘g + 80n {n — 1) (?i — 2) } 


( M Z [ ( n + 1) (' u2 + 1 5;t — 4) s 6 — 6 ^±1 (h * + i5h-4)* 1 «, 

-15 ( - ~ 1 - (m+4)s 4 s 4 — 10 (;i 2 -«+4)ss 

i on "~ + 3'l + 2 Hin 11 * — 1 

+ 3° « 1 « 4 +1‘20 «,«**» 


+ 30 — — — - s® - 1 20 s 8 8 

n - n 1 c 


-270 11 n 1 *14+ «?} • 


If these be employed we have not only the result that the r-th cumu- 
lative moment function of the mean is ;/~ (r_1) A*,., but also that the mean of+ 
is k,, thus reducing a second group of the required formulae to its simplest 
form. It is, however, the effect of their use upon the more complex 
formulae which is of the greater importance. The general structure of k 
for any degree will be elucidated in § 10. 


4. The aggregate of moment sampling formulae . 

If wc consider in its full generality the simultaneous distribution in 
random samples of the statistics hi, k 2 , k%, it is clear that we can 
represent it by means of cumulative moment functions analogous to those 



1928 .] Sampling distributions. 

developed for a single variate. To any partition 


205 



There will tin is be a separate formula of degree r for every partition 
of the number r, and lor the complete specification of the distribution 
each must be expanded in terms of the cumulative moment functions of 
the sampled population. For example, the semi-invariants of the dis- 
tribution of the second moment statistic /e> will be given by the terms 
corresponding to the partitions (2), (2~), (2 :i ), (2 4 ), which w r e 
designate by 

k( 2), k{ 2 2 ), /f(2 3 ), k( 2 4 ), and so on. 


Idie well known solution of the distribution of the mean, given above, 
may now be written 


*uo = 



( 1 ) 


wdiile from the manner in which the statistics k have been const rinded 
we have also 

K(r) = k,. (IT) 

]n general, the expression for the k corresponding to any given 
partition of r will include a term in i< } together with terms of the form 

A(qVq%'...ql h )$ l *% •••<?> 

where q *'• 1 q ** . . . ql h is any partition of r in which no part is unity. 
This restriction, which greatly diminishes the number ol terms to he 
evaluated, flows from the consideration that unlike all other cumula- 
tive moment functions, is altered by a change of origin, and by such a 
change can be given any desired value, while of the moment statistics 
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also k 1 is the only one affected by such a change, and that by addition 
of a quantity which is invariable from sample to sample; consequently, 
i<i c-an only appear in the single formula 

k(1) = k 19 


expressing that the mean of the sample of n will l)e the mean of the 
population. 


5. Partitions involving unit parts. 

A relationship exists, of which a proof may be deduced from the 
general theory to be developed, which enables us to dispense with the 
separate examination and tabulation of the formulae corresponding to 
all those partitions which involve unit parts. The effect upon the corre- 
sponding formula; of adding a new unit part to the partition is (1) to 
modify every term in the formula by increasing the suffix of one of its 
k functions by unity in every possible w T ay, and (2) to divide the whole 
by n. For example, the formula for the variance of k< 2 is 

*( 2 2 ) = —^+—. K», 

n 4 n— 1 


whence we may deduce, by applying the above rules. 

,(2 2 l) = i, G +^_ Zl) , 2 , 3) 

and, by further applications, 


*(2 8 1*) = 

1 . 

^ K K - 1 

4 

>i 3 * bH 

n\n- l)* 2 ^ 

n l (n — 1) 

k(2~ l 3 ) = 

1 j 

^ - 1 

_ 12 

n* 

-M a (M-l) 2 

r n 6 (n—l) 


and so on. 

An immediate consequence of the same relationship is that 




K r t- s 

~n r 


1 


u 


V K r+S- 


(III) 


The number of formulae remaining of any degree r is the number 
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of partitions of r into parts of 2 or more ; these are 

r 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

partitions 1 1 3 3 6 7 11 IB 20 28 33 40 54 65 

Up to the 12th degree there are therefore 65 formulae, while 150 more 
will only reach the 16th degree. It is proposed to put on record, as a 
basis for discussion, the formulae up to tiie 10th degree, together with a 
lew others of special interest, with an explanation of the procedure of 
calculation. 


6. Calculation of formulae . 

In the calculation of the formulae hv the algebraic method it is de- 
sirable to proceed somewhat formally, although the results for the 4th 
and 5th degrees may be obtained fairly readily by writing down the 
algebraical expressions at length. The procedure may be illustrated by 
the work for the formulae of the eighth degree. There will be six of 
these, and corresponding to any of these, such as /c(62). the k product, 
Ay lc <2 , may be written down and expanded in the symmetric functions s. 
The work proceeds in three steps : (1) the mean value of the k product 
is expressed in terms of the population moments g ; (2) by substitution, 
the expression in terms of g is condensed into its equivalent in terms 
of k ; (3) from the moment thus obtained, corresponding to the required 
partition, the corresponding cumulative moment function is found by 
the use of formulae of lower degree previously prepared. 

The first step is carried out by means of easily verified relationships 
giving the mean value of such a product as s r s lf s r in the form 

)lfX v + q + r ■ + n (n — 1 ) (jJLp !*■<] + r ■ + Mr + p + Hr /*?*+ ^ + N (» — 1 ) (>* “ 2) g r g f/ g r- 

In order to apply these relationships expeditiously a table is prepared 
for each degree, showing the coefficients with which each g product, 
ignoring gi, occurs in the expansion of each product. 

To evaluate the mean value of any k product, such as Ay Ay, it is 
first expanded in s products as 


(n 


tC / 2 
-1 ) a (n-‘2f V s ' 5 ’" 




8 . 10 o 
‘ s 3 S 2 S 1 “f" ,<? S 






M s *2 s v 4 l 9 /> jL 9 s\ 

V Vl+ n 4Ml n 6 V’ 


whence from a table of the separations of 8 the following table may at 
once be constructed. 
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TABLE 1. 

Calculation of the mean value of k\ k. L . 





n(n— 1) n(n— 1) 

n (n — 1 ) 

n(n — l)(n-2) 

n(n— l)(n-2) 

n (n— l)(n — 2)(n 



ni*s 


^3 





*3«» 


1 

1 

2 

— 

— 

1 



n-f" 1 

\-6 

-1 

-12 

-2 

-18 

2 

-8 

-8 

-1 

-12 

:} 

Wl 


fio 
l 9 

40 

36 

50 

54 

30 

27 

30 

54 

40 

54 

7 } 

S 3 S ? 

s l s i 

n~ 3 j 

r-4 

[-21 

-40 

-168 

-44 

-252 

-20 

-147 

-60 

-336 

-40 

-420 

-63 } 

Ml 

n~ 4 

( 16 

256 

416 

240 

960 

1120 

240 ) 

s 8 

n -5 

(-4 

-112 

-224 

-140 

-840 

-1120 

-420) 


Collecting like terms and cancelling the factors n— 1 and n — 2 when- 
ever possible, we get 


m(3 2 2) = 


m 2 -8m + 28 , 2m 8 — 12m 2 -f 48 m — 56 

n 2 (n- 1) m 2 (m-1) 2 


— 8m 2 +25m— 85 2 1 

+ n\n — \f /x * ' n 2 (n—l ) 2 (m — 2 ) 

X {(-(w‘ + 84 m 8 - 396m 2 + 960m - 840) m* 

+(m 5 - 13m 4 +94m"-460m 2 + 1 1 20m + 1 120) 

+ (9 m 4 - 9 O'M 3 + 429 m 2 - 1140m + 1 260) • . 

The second step consists in substituting 

M4 = K 4 + 3(C 2 , 


Mo = /c 5+10(c. 2 /c a , 

Me = 'fe+l°' [ ' 4 ' (: 2 + 10 'f 3 + 15 (C 2 , 


Ms = p 8 +2^6(f2+56/c 5 (c 8 +35/c 2 + 210K 4 ^+2804K s +105/f^ 
which reduces the expression to the simpler form 


M(3 2 2) = 


m+20 | 2m 2 + 44m— 6 4 27m— 45 , 

w(n— 1) * r# * s m(m — l) 2 m(m — l) 2 K * 


. 9m 2 +81m-180 2 m 8 +17m 2 +104m-820 

r (m-1) 2 (m- 2) ' C4 ' :2i ' (m— 1) 2 (m— 2) 

. 6m 2 +30m 4 

^"(m— 1) 2 (m— 2) **" 
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The third stage consists in removing from //,(.'i 2 2) those terms which 
do not belong to «(3 2 2) ; from the general relationship which connects 
these two groups of functions 

m( 3 2 2) = K (3 2 2) + 2 % K(32) + /f.^-(3 !! )+/ f ^ 2 , 
and from formulae of lower degree already evaluated we know that 

*(82) = -^ + ^, 
n n~l 


while 


V2\ _ *6 J ^4 , 9k i 




+ 


+ 


(m/df 


n n — 1 n — J (// — 1 )(//.— 2)' 

Kemoving the superfluous terms we are left with 


• 42 ox — J*. 


*(3 8< 2) = 


iC n{n — 1) 


. 0(8« — 1 1 > . 9(rt^-5) 

K * K * + -■ — — 


n ( n ~ J f 


18(0// — 1 1) 18(11// — *20) o 3 Cm 4 

21 K '* i+ - ■ 2) *** !+ («— if («-2) 

an expression in which the part played by each of the characteristic co- 
efficients of the original distribution is clearly apparent. In the normal 
distribution, for example, when every coefficient beyond k 3 vanishes, 
only the last term remains to be evaluated. 


7. The univariate formulae. 

t: 

In addition to the partitions involving unit parts, which have already 
been set aside, the numbers 4 and 5 have only one partition each, 6 
and 7 have three partitions each, while 8, 9, and 10 bring the total 
up to 32. These are given in the following Table. Since it is scarcely 
to be hoped that all of these, especially the heavier formulae, will be 
entirely free from error, it should he particularly noted that any suspected 
term may be evaluated separately and independently by means of the 
combinatorial method elaborated below. I am indebted to Dr. J. Wishart 
and Prof. Hotelling for checking these formulae. 

In addition to these formulae, which are complete up to the tenth 
degree, four others of the twelfth degree may be put on record, namely 
those for the variance of /cr, the third moment of k^ y fourth moment of 
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TABLE OF FORMULAE. 


The 32 univariate formulae up to the 10-th degree. 


«(2 5 ) 

*4 

n 

1 

< 

11 — 1 

2 


,<(32) 

a± 

n 

1 

*3*2 

n — 1 

6 


3 « 

“ “ 

*<; 

n 

1 

1 

A 4 K* 

n— I 

8 

9 

k 4 *2 

n(n — l) 
12 

*1 

71 — 1 

6 

9 

i tic}, 

{«. — l)(n— 2) 

6 



n- 

1 

*i 



n(n- lj 2 

4 (n — 2) 

(71—1)- 

8 


1 

1 

1 K K 

n ir -* 



— w 7 
n 

: * 5*2 

72. — 1 

~ , *4 *3 

11 — 1 

(»-l)(»-9) ■ 3 


a (52) 

1 

10 

20 

— 


*(43) 

1 

12 

30 

36 




K u Ko 

*4 *s 

**** 



u 2 

n (n — 1 ) 

n(n — l)“ 

(m— l) a 


*(sa*) 

1 

16 

12(271 — 3) 

48 



1 

1 

1 

i ** 

11 2 


*s 

n 

u-l K " K; 

V *5 *3 

n — 1 

«— 1 * 

(„—!)(„_ 2) 

* 

to 

1 1 

12 

30 

20 

— 

k (53) 

3 

! 15 

45 

30 

60 

K (A 2 ) 

1 

16 

48 

34 

72 


1 

! *<>*» 

*&* s 

*i 

k A 


— k h 
n 

71 (71— 1) 

n(n— 1)* 

n(n— l) 2 

(w — l) 3 (n— 2) 

k(42 5 ) 

1 

20 

8(57t-7) 

4(7n-10) 

80(71-2) 

«(3*2) 

1 

21 

6(871-11) 

9(37t-5) 

18(6»— 11) 



*fi*2 

*r>*a 

*1 

K t*l 


7< ;1 

n 2 (w— 1) 

n- (ii — l) 2 

n 2 (n —1)3 

n(n-l) 2 


1 

24 

32 

8 (4n* — 9w + 6) 

144 



*7*2 

*fi*3 

«>*•« 

n*,*’ 


n 

11— I 

71—1 

n— 1 

(ft— l)(n — 2) 

*(72) 

1 4 

14 

42 

70 

— 

1C (68) 

1 

18 

63 

105 | 

90 

k (54) 

1 

20 

70 

120 

120 


*9 

*7*a 

*« *s 

* 5*4 

K *«l 


n- 

n(n— 1) 

n (u — l) s 

n(n— l) 3 

(n— l)-(n— 2) 

k (52 s ) 

1 

24 

20(3«— 4) 

20(571-7) 1 

120 (n- 2) 

K (432) 

1 

26 

84(8»— 4) 

10 (3 In— 17) 

86(5n— 9) 

*(8*) 

1 

27 

27(8»— 4) 

27 (4w— 7) 

54 (4»— 7) 


** 

*7*1 

*«*» 

*i*4 

*»*5 


n' 

n 2 (n — 1) 

n*(n-l)* 

n 3 (n — l) 8 

»(w— l) 2 

«( 32*) 

1 

30 

2(31n— 53) 

12 (9n 2 - 23 ti + 16) 

240 
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TABLE OF FORMULAE -continued. 



*10 

K$K« 


*6*4 

K 5 

IIKq k\ 

«*5*a*s 


n 

n- 1 

W— 1 

71-1 

71-1 

(n — l)()i— 2) 

(n-l)(n~2) 

«(82) 

1 

16 

56 

312 

70 

- 

— 

*(78) 

1 

21 

84 

168 

105 

126 

630 

«(64) 

1 

24 

96 

194 

120 

180 

1080 

*(6») 

1 

25 

100 

200 

125 

200 

1200 


111! 

n- 

KrK 2 

K“ )f ; , 

K,;K 1 

*; 

* 0*1 

*5*3*1 


)5-l 

W(«-~l)' 

71 (75 — 1) ' 

n(n- 1)- 

()5- 1)^)5- 1) 

(75 -l) 2 (75 -2) 

*(62*) 

1 

28 

12(771-9) 

4 (41 ?i -56) 

20(5)5-7) 

168(75-2) 

840(75-2) 

k (582) 

1 

81 

101n-131 

5(37)5-55) 

5(23)1-35) 

30(9)5-10) 

30(45)5-92) 

*(4 2 2) 

1 

82 

8(13?i-17) 

4(4D»-73) 

4(29)5-40) 

8(37)5-65) 

1536(71-2) 

fc (43 2 ) 

1 

33 

6(19)1-25) 

I 

j 3(65)1-107) 

6(19)5-34) 

18(19n-33) 

72(23n-52) ( 


A in 

*8*; 

«7*s 

*o*i_ 

_ K j 

j k (A 

*5*3*3 


ri A 

n 2 (n-l) 

1)- 

1 u"{n— l) 3 


! n(n- L) : (7i-2) 

j 75 ()i — 1 ) 3 (75 — 2) 

*(42 3 ) 

1 

36 

4(23)1-37) 

i 4 (47n 5 - 120n + 81) 

12(9)1-— 24n + 17) 

36005-2) 

288(575-7)(»-2) , 

k (8 S 2 8 ) 

1 

37 

6(17)5-27) 

! 3(61)i'-16675 + 117) 

2(59» 5 -154«f 1!3) 

6(67)5-131) 

24 (7 In 5 - 246« + 202)^ 


*11) 

_*S_*;_ 

ff- lf;| 

k 6 k, 

k: 

k,.k; 

K a *8 *3 


n 4 

w 8 (»- 1) 

n :i (n-lj- 

n :, (n-l) 3 

)5 ;i ()5 — 1 j 4 

75' ()5 — 1 )' 

T5'()5-l) 3 

■m 

1 

40 

80(n-2) 

40(5)r- 12n + 9) 

16()5- 2)(6)i" -12)5 + 17) 

480 

1280 (n— 2) 


and the sixth moment of k- These are : 


k ( G 2 ) = — * J2 -|- (36Arj 0 (f 2 -f- 180«j»3+465«' ( |«r4+780* 7 (f t +461«]) 


+ 

+ 

' + 
+ 


— ___ — (4 50/c 8 k :> -f 3(>0(k 7 k :] k 2 ~h 7 k 20(k f) k , -f (>300^ (i 4 

[u l)(w — I) 

+ 4 500^ a' 2 +21 ()00/c 6 k 4 k 3 + 4 950/c J) 


n(n + 1 ) 


(??•—])(/« — ‘2) (w— 3) 


~ ( 2400 /Co -f 21 OOO/cr, k ?i a'!; 


+ 15300 ^ *; + 54000 *, 4 k, + 8100 *}] 


r(/?+' r >) 

(n — ] ) (// — 2)(w — 3)(?i — 4) 

(n — 1 ) (7i — 2) (# — 8) [n — 4) (n — 5 ) 


( 5 40 (k 4 k! -f 2 1 000 /Cj k J) 


r, 7204 


M*)-L k + _J« k lti( 13 «- 17 ) 

Kl4)- b> *b+ j)( „_ 1) *io*i 


, 12 ( 41 »— 65 ) 

^-ir^ 3 * ^-lj™ 


48 (l .l»- 2 !» 12 ( 37 ,- 70 ) 2 72 (lh t -l!>) 

+ «(«-l ) 2 1 6+ K(»-l) a 6 + (n-l) 2 («- 2 ) 8 8+ '" (p ‘^ 3) 
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h 


n^K,, 

n*A 

(n — 3 ) (ti — 2) 

030 

1260 

1200 

n(n + l)ir 4 ir* 

71(71+ 1)K*<C 2 

71 2 (71 + 5)k® 

(22) 

(23) 

(34) 

(25) 

(*-l)(n-2j 

420 

720 

850 

(7i-l)(n-2)(w-3) 

480 

000 

(n-l)(7i— 2)(7i-3) 

1080 

1800 

(n-l)(n-2)(n-8)(n— 4) 

120 


. "< K " 

hh 


7i«:! 


(n-l)*(w-2) 

(71 — l) 2 (71- 2) 

(71-1)* (71 -2) 

(71- 1) 2 (71- 2) 

(ti - l) 2 (n-2) 


500 (n- 2) 

840(71-2) 

— 

— 


(26) 

60(15n-31) 

30(4571-103) 

720ti 

1620)1 

— 

(27) 

144 (771-15) 

72(2171-50) 

90 (IOji 2 -27ti-1) 

344(17?!-— 5371- — 2 ) 

192(n + l) 




71-3 

»- 3 

71-3 

(28) 

J 54(19?i-48) 

54 (33n 2 - 148?i +172) 

727i(17ti-40) 

108ti(2771-70) 

21671 



71-2 

n-2 

71-2 

71-2 

(29) 

k ] k ,. 

K 4 K l 

*1*2 

i 

IlKlj 


m(w-1) 3 (ti~2) 

n(n— l)'*(?i— 2) 

j (71 -l) 3 (71- 2) 

j (71— l)' 1 (71 — 2) 

(71- l) 3 (71— 2) 


144 (7n— 10)(n— 2) 1 

24 (49n— 95)(n-2) 

| 768 (?i- 2) 

1872(«-2) 

— 

(30) 

36(29» J -103n + 98) 

| 36 (387i 2 - 15571+ 160) 

| 72(14)1-23) 

1 144(19)1-44) 

288 

( 34 ) 

K* K, 2 


i , 

*4*3 


k‘ 


nHn-iJ* 

ti 2 (tt-i)< 

71(71— I) 3 

7l(?l — 1)"* 

(71-1? 


320(4» 3 - ( Jn + 6) 

480(2» 5 -7» + fi) 

1920 

1920 (h -2) 

384 

(32) 


, 288(19n— 41) , 48(203// —528) 

+ («-l) a («-2) w; ' 2+ («— 1) 2 (m— 2) ****** 


. 144 (56» 2 — 257m + 302) ,, 1440(4«— 11) , 

+ (n— l) 2 («— 2) 2 *‘*> + ( n-lf(n-% K ^ 


1152(22n 2 -106n+138) 8(709n a -8430».+4456) 

+ (n— l) a (n— 2) 2 Ws+ (»— 1) 2 («—2) 2 ** 


. 288 (19n 8 — 98» a + 1 25 m + 2) „ . 1728(21k 3 -119» 2 +164«+4) 2 
+ (»— 1J* (»— 2)* (»— 8) Vl+ (»— 2)>— 2) a (»-3) Wi 


432(49» 8 — 287n 2 +408n+ 12) , 864(103« 8 -629» a +984n+24) , 

+ (« — l) u (n — 2) 4 (« — 3) K **^ (»— l)*(n— 2) 8 («— 8) ' C4 ' f3 * a 


288(41ft 4 — 884tt 3 +120£)» 2 — 1282»— 8G) 4 . 288(89» s -823«-88)w 4 

+ (n — 1 !> 2 (« — 2)* (» — 8) a * 8 ' (»— 1 ) 2 (»— 2) 2 (w— 8) * 4 * 8 


, 1728 (29n 8 — 1 96« s + 81 7n + 62) n „ , . 1728(« a — 5»-}-2)(»+l)» , .... 
+ (n— l) 2 (ft— 2) 2 (w— 8) 2 ' Cs ' C2+ (»— l) 2 (rt— 2) a (»— 8) a s ( ) 
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f o4x__L | 54 

* (8) ~ n 3 Kl * + ri\n- 1) 


108 (2m -3) 


*ji i Ar7 17 m "~49m-+35 
K '° Ki m 2 (m-1) 2 KaK3+Z1 n*(w-l)» K » K * 


, , aa 7m 3 -20m+16 , 17»*-47»+89 , , 37»-70 

+ 108 i)« *»*«+ 27 „»(„_!)« ' c «+ 27 m ( w _i^ ( „_2) k * k * 

, 19m 2 -67m+ 54 , 1f „ 65« a — 245/1+234 

+ 824 n(n — l) 3 (m — 2) *7*»*s+ 16 - n(n -lf(n-y W ' 2 


, 82n s — 481w 2 +958 — 640 2 i mo °' fn — wvn-rA** 2 

+ 108 n(w - 1)8( „- W ^^ + 108 *«** 


59m 2 — 220k+224 
m(m — 1) !, (m — 2) 


+824 


75m 8 —473w 2 + 101 Ok - 756 
m(r — 1) 8 (m— 2)* 


178n 4 — 1508 k 3 +4962k 3 -7380m+4200 


n(n — l) 8 (n — 2) 8 


+ 108 


71m 2 — 263k +234 


(n — l) 3 (m — 2)* 02 

63m 2 — 290m +352 , , 


* c * 8 +648 


79m 2 -343k+378 
(m — 1) M (m — 2) a K ° KsK:j 


, 68m 2 — 290m+352 99k 8 - 688m 2 + 1612m -1280 2 

+ 486 («-1) 8 (m-2T 8 ™+ 972 -(n-ifin-Z? W* 

, lfi „ 87 m 8 — 594m 2 + 1420k — 1176 2 9m 2 -121k+118 4 

+ lbi (m — l) 8 (m— 3) 8 3+9 (m — 1) 8 (m — 2) 8 42 


+648m 


103k 2 — 510m + 640 2 3 


(n — 1) 8 («— 2) 


*;*:!+ 648m 2 


5m- 12 
(m— l) 8 in — 2) 8 


/A «, 1 , 60 , LDVIM— -A) , njn 

*<2°) = ^2+ M 4 (M _|j *10*2 + u« *9*3 + 240 


160(m— 2) 
m 4 (m— l) 2 


2m 8 — 5m +4 
m 4 (k— l) 8 **** 


, „ v 7m 2 -14m + 9 , 4 113k 4 -520k 8 +950m, 3 -800m+265 , 

+ 96(m " 2) m 4 (m"— l") 4 ^+ 4 «i 

, 1200 2 i 4 QAn_l~i_ i o/nn 5n a —12n+9 

+ „Vl) !Vs+4800 « 8 («-l)» t ’ V>+240 ° M S (M— l) 1 


+160(m— 2) Kg*s+960(m— 2) 


' M 8 (M — 1)' 

6 m 2 — 12m+7 , 

m 8 (m — l) 6 K > Kl 


+1920(m— 2) 


9m 2 — 28n +16 
m 8 (m— 1) B 


*6*4*3 + 480 


11m 8 — 41m 2 +59m— 81 
m 8 (m— l) 6 


, 9600 3 , 38400(m- 2) 2 , A * nA 4 m 3 -9m+6 , 

++^1? *•**+ ‘ mV-1) 4 V* +9600 “m^m-1) 8 


. ™™«2m 2 -7m+ 6 2 , AOA/ . m 5 m- 12 4 , 28800 

+288°0 w2(m _- i/ " * 4 * s * 2 + 960 (m — 2) *4+^ZT Ij» 


+ 88400 m(m— l) 6 ' f * ,f2+ (l^ s *** 
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Some idea of the advantage of using the cumulative moment func- 
tions in place of the moments will he obtained by comparing the above 
formula (14) with the corresponding formula as obtained by Tchouproff, 
and corrected by Church : 

2^4 — ~it (u„— 4/x 6 ^— 24^ 6 m 3 — 1'VJ 

71 // 

4" 48/* 4 /*? + 9G/*“ tt 2 — 30/* 4 ) 

— ~T (4/* H — 40/* (; m 2 ~ 9(Vb Mb ~ 54/*“ + 336/* 4 /*:! + 5 28/*!; /*., — 306/4) 

~~ “b (Gm h ~ MW/**— 170/x 5 /* 3 — 102/4 +924/t 4 u.;+l 232/*“ /* 2 — 1044/4) 

— "^0 (4/* 8 — 88/* 6 /*. 2 — lGO/* 5 /* 3 — 95/4 T* 1050/* 4 /*2*-|- 1360/4/*.,— 1 395/* 4 ) 

+ ~ 7 (m« — / 4 2 - 50/* r , Ma ““ 35/x 4 + 420 /x 4 /4 + 560/4 /*, — 630/4). 

The term involving k 2 only in k( 2 r ) is already known as the r-th semi- 
invariant of the distribution of the variance for samples from the normal 
curve, and is simply 2 r “ 1 .(r— 1) ! /(u— 1)'' 'h The corresponding term 
in k( 3 4 ) is of interest as showing that the distribution of k. A in samples 
from a normal distribution, though necessarily symmetrical, yet tends 
somewhat slowly to normality. Comparing the first term of (17) with that 
of (4) it is evident that 

jc( B 4 ) _ 18(571. — 12) 

~ (n-lKn-2)' 

or is somewhat greater than 90/n, a fact which indicates that the occur- 
rence of values of fe 3 greater than 2 or 3 times its standard error will, 
except in very large samples, be materially more frequent than one would 
judge from an assumed normal distribution. The effect upon tests of 
normality will be examined in § § 11 and 12. 

8. Bivariate and multivariate distributions . 

The extension to bivariate and multivariate data of the methods of 
classification and calculation developed above is of both practical and 
theoretical importance. Apart from the variance the product moment 
of a bivariate distribution is the most important of all moment statistics. 

Moreover, the multivariate formulae, by reason of their greater 
number, and the confusion caused by the various possible notations in 
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which they may be expressed, are particularly in need of orderly classifica- 
tion. It will be found, in addition, that the examination of the multi- 
variate formulae in their generality throws much light on the expres- 
sions already obtained. 

It will be seen that just as the univariate formulae correspond to ail 
the possible partitions of uni partite numbers, so the multivariate 
formulae correspond to all the possible partitions of multipartite numbers, 
having multiplicities equal to the number of variates. 

To make the notation clear let us consider, in the first place, two 
variates only, and let the frequency with which the two variates x and y 
fall simultaneously in the ranges dx and dy be 


df — <j>dx dy , 

in which </j is the simultaneous frequency function of rr and y. 
The general moment about any origin is defined as 


Pm = j | x v tf <j> dx dy 

over the whole range of possible values of the variates. So far as these 
moments have a meaning we can build up the expression 


a/= 2 2 

e = 0,=0 U v\q\ 


and equally, with the same limitation, the coefficients of the expression 


K 


log M — 2 2 

p—0 7—0 


K P'i 


iL 

p\ q\ 


will be well defined. The general expressions connecting the cumula- 
tive moment functions, k, with the moments, /i, of the simultaneous dis- 
tribution are analogous to those given for univariate distribution ; if 




is any partition of the bipartite number r, s consisting of p parts, 


_ o f (— (p — 0 ! r\ .9! 

1 T, ! ir a ! . . . (pl'.P (p}!)”’ ... 

and 



si 


Q ( 1 V ! o ; »r<> I 

fir -‘ ~ Itt,! 7r 2 ! ... i !)**... Kp ' p ‘ Kp * p * • • • f • 


the summation being taken over all possible partitions. For any sample, 
we may define s pq as the sum of the values of x p y q for each pair of values 
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in the sample, and obtain, as for single variates, the statistics 
fcn, & 2 i, A" ;i] , fc 22 , etc., as expressions in terms of these sums, with such 
coefficients that the mean value of k }tq shall be k } iii . Thus we have 


iu ~n-ii 8n n S,0% )’ 


7 _ » l 2 1 , 2 , \ 

21 “ (m-1)(m-2) I* 2 ' n ,Sl ° Sl1 V ' < ’' 20%+ •»* S, ° So V’ 




’ (W+l) *31 


n + 1 


8(n — H 


31 (n— 1)(« — 2)(w--8) i 

8(w+l) 

n 


*11 *20 


*21*10+ ^ *11*10 + ^ *20**10% 


* 


,3 L 


b — " 1 

22 («— 1)(«— 2)(« — 8) ( 


( 7? ' + 1 ) *22 ^ * 21*01 „ * 12*10 


n 

n — 1 
n 


*20 *02 2 


n — - 1 


— *11+ w - *11 *01 *10 


. 2 2 ,2., 6 2 2 [ 

+ n *02*10+ n *20*01 *!0*01j * 


The mean value of any product involving such statistics, as, for 
example, fcsofcn* may be evaluated in terms of the cumulative moment 
functions of the bivariate distribution ; such mean values may be written 


k 90 h 1 1 i 



giving one line to each variate ; its value is easily found to be 

1 , w+1 

n K *o K n- 

Hence, subtracting the product of the mean values, * 20 * 11 , we have 
formula 

' c (oi) = 1 * 81+ +i Ki ° Kn (la) 

in which each column represents the particular statistic entering into the 
product, and the marginal column found by summing each row is the 
multipartite number (31) representing the degree in which each variate 
is involved. Similarly, we may deduce the two formulae for partition^ 
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of the bipartite number (22), namely 


and 



*02 **201 


( 16 ) 

(1 c) 


representing the product moment of the estimates of variance of the 
two correlated variates, and the variance of the estimated product 
moment. 

It will be observed that by equating the two variates, which is carried 
out by summing the columns of the partition, and replacing the two 
suffixes of each k by their sum, equations (la), (lb), and (lc) are reduced 
to equation (1). As with univariate formulae, the partitions involving 
parts of the first degree may be directly derived from formulae of lower 
degree and therefore need receive no separate consideration. 

With more than two variates the bivariate notation may be extended 
to the use of three or more rows in the representation of a partition of 
a tripartite number, and three or more suffixes to the parameters k . 
The remaining formulae of the fourth degree are therefore 




2 

n — 1 


**no ^ioh 


0 d) 


K 


K 



_ 1 ,1 ,1 

— ~ K m'T n *200 *on * j **ioi *110* 


— ~ *1111 4 " *1010 *i)ioi 4 ~ n 1 **1001 *0110 > 


(le> 


( 1 *) 


representing the partitions of the tripartite number (211) and of the 
quadrupartite (1111), ignoring such as have unitary parts. ' 

Just as equation (1) may be derived from either of equations (la), 
(16), or (lc) by identifying the variates, so, by equating appropriate 
variates, (la) may be derived from (Id), or (16) from (Id), or (lc) from 
(le), and finally all can be derived from the general multivariate 
formula (1*). 

It appears, therefore, that the formulae appropriate for both univariate 
and multivariate distributions may all be expressed in teims of those 
representing partitions of the multipartite number (1*). Thus of the 
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Bixth degree, a series of formulae, of which formula (3) is the final con- 
densation, will be given by the partition of the multipartite (l 6 ) into 
parts (1 4 0 2 ) and (0 4 1 2 ), a series of formulae reducing to (4) by the parti- 
tion into the parts (1 3 0 3 ) and (0 3 1 3 ), and a series of formulae reducing 
to (5) by the partition into parts (1 2 0 4 ), (0 2 i 2 0 2 ) and (0 4 1 2 ). The pre- 
sentation of formulae of the type here discussed for the case of many 
variates might therefore be completed by the tabulation of the general 
multivariate formulae (2*), (3*), etc. 

The disadvantage of such a course is that such general formulae will 
consist of a large number of terms equal to the sum of the coefficients 
(of the highest powers of n) of the formulae already tabulated, and that 
each term will consist of a product of k s, each having as many suffixes 
as the degree of the equation. The general formulae are therefore ex- 
tremely cumbrous, and, as the suffixes will consist merely of repetitions in 
different orders of the numbers 0 and 1, it will he of more value if general 
rules can be found by which these particular combinations are to be 
selected. Such rules will then apply to the univariate and less general 
multivariate cases, the coefficients being merely the number of ways in 
which each selection can be made. 

Now the suffixes of the product terms are merely other partitions of 
the same number, whether unipartite or multipartite, of which one par- 
ticular partition specifies our formula ; we are therefore concerned with 
the difficult question of the relations which can exist between different 
partitions of the same number. This question may be considered solely 
with respect to unipartite numbers, for if the rules can be made out 
which govern the coefficients in such cases, the same identical rules must 
apply to multipartite numbers by reason of the methods by which one 
formula may be condensed into another. For example, if we start with 
the partition (2 3 ) of the number 4, in conjunction with the rule that only 
such partitions are to be considered as in each part involve elements 
from both parts of the old partition, we should obtain equally the co- 
efficient 2 of the term *c 2 , and by applying the same rule to the partition 
of the multipartite number (l 4 ) into parts (1 3 0 3 ) and (0 3 1 3 ) should obtain 
the terms Kmo, koioi, and kiooi, koho, having in both cases the same divisor 
n— 1. 


9. Empirical statement of the rules for the direct evaluation of the 

coefficients. 

Although the rules of the combinatorial procedure were not com- 
pleted before the development of the method of Section 10, yet so much 
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can be learned by an empirical study of the formulae that it is con- 
venient to make a complete statement of the rules in an empirical form, 
prior to the demonstration of their validity. 

(1) The coefficient of kJ; ***... in the expression for tcipl'pl' 2 ...) depends 
on the possible partitions of the second order of which the column totals 
give the partition (pPjtf 2 •••)> an( * fche row totals £ ive the partition 
( q i' g? 2 ...)- 

For example, the coefficient of k 6 k% in t-he expression for k( 4 2 2) may 
be obtained by inspection of the partitions of the second order 


2 2 2 

G 

2 3 1 

6 

3 3 . 

G 

1 1 . 

2 

1 1 . 

2 

1 . 1 

2 

1 1 . 

2 

1 . 1 

2 

. 1 1 

2 

4 4 2 

10 

4 4 2 

To' 

4 4 2 

10 


in each of which the sums of the rows constitute the partition (62 3 ), while 
the sums of the columns constitute the partition (4 2 2). 

(2) The numerical factor in the contribution made by any partition 
of the second order is the number of ways in which the totals in the 
lower margin may be allocated to form a partition of the type considered. 
The numerical factors corresponding to the (lirec partitions set out above 
are 72, 192, and 32 respectively, in the first case, for example, the 
number may be arrived at from the consideration that the pair of units 
to be separated in the first four may be chosen in six ways, and that 
these may be assigned partners from the second pair in twelve ways. In 
the second case we may choose either of the two fours to be parted into 
(21 2 ), as in the first column, and, whichever is chosen, we may allocate 
the units in the three columns in twelve, four, and two ways respectively ; 
while, in the third case, we may choose the units from the two fours in 
sixteen w^ays and associate them in two ways with the units of the two. 

(3) Before considering the general rule for determining the function 
of n by which the numerical factor is to be multiplied, it is convenient 
to note that certain partitions of the second order make no contribution 
whatever to the coefficient, and so may be neglected at once. The most 
useful class consists of those in which any row has only one entry other 
than zero; for example, such partitions as 


2 3 1 

6 

. 1 1 

2 

2 . . 

2 

442 

10 


\ 
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are to be ignored. It is obvious for statistical reasons, as has been men- 
tioned above, that ki cannot appear in any of these formulae, and as it 
will he seen that the function of n involved depends only upon the con- 
figuration of the zeros of the partition of the second order, the necessity 
for this rule will become apparent. More generally, we may exclude 
any partition in which any set of rows is connected to its complementary 
set by a single column only. 

(4) The usefulness of rule (3) for excluding superfluous partitions 
is extended by employing it in conjunction with the rule which holds 
when any column has only one entry other than zero ; for in these cases 
we may introduce the factor n 1 and ignore the column concerned. For 
example, the partition pattern 


XXX 
X X . 

X X . 

irrespective of its numerical coefficient, is associated with a function 
of n which is one n-th of that associated with 

X X 
X X 
X X 

Moreover, such a partition as 


4 2 . 

<> 

. 1 1 

2 

. 1 1 

2 

4 4 2 

10 


is to be ignored (although every row has two entries) by reason of its- 
connection with 

X . 

X X 
X X 

in which this condition is not fulfilled. 

With these criteria of rejection one may easily assure oneself that 
the three partitions set out above are the only ones which need be con- 
sidered in that case. 

(5) To find, in general, the function of n with which any pattern 
is associated, we consider all the possible ways in which the rows can be 
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separated into 1, 2, 3, ... separate groups, or separates. Thus with three 
rows we have one separation into one separate, with which is associated 
the factor n; three separations into two separates, with which is asso- 
ciated the factor n(n— 1) ; and one separation into three separates, with 
which is associated the factor n(n— l)(n— 2). In each of these five 
separations we count in how many separates each column is represented 
by entries other than zero. If in one separate, that column contributes 
a factor n~ l \ if in 2, 3, 4, ... separates, the factors are 

— 1 2 ! — 3 ! 

n (n - 1) ’ n (n - 1) (n -2 )’ n (n - 1) (n - 2) (n - 8) * 

In applying this rule all patterns which are resolvable into two parts, 
each confined to separable sets of rows and columns, must be ignored. 
As an example, consider the five possible separations of the pattern 

X X 
X X 
X X ; 

the first supplies the term 

n J_ 

r? ~~ n ’ 

the separations into tw r o separates supply 

3n(n — 1 ) __ 8 

ri l (n— l) 2 n{n — l)' 

while the separation into three separates gives 

±n{n— l)(n— -2) __ 4 . 

~~ tt(rc-l)(tt-2)’ 

the total being n/{(n— l)(n— 2)}, the function appropriate to this 
pattern. 

It is equally easy to verify that the functions appropriate to the 
patterns 

XXX XX. 

XX. X . X 

X . X .XX 
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72 224 __ 8(87w— 65) 

(n— 1 )(w-2) + (m— l) a “ (?i— l) a (w— 1)’ 


as appears in formula 28. 

It will he obvious from the preceding section that the same rules 
must be applicable to multivariate problems, the only difference being 
that the column totals are then regarded as consisting of objects of two 
or more kinds. For example, to find the coefficient of k 3 . 6 k 2 u in the 


expression for * 



, it is merely necessary to note that the second 


order partitions of the bipartite (55) corresponding to the three partitions 
of 10, used above, can be allocated in 20, 48, and 8 ways respectively, 
yielding a coefficient 

4(19n — 93) 

(n — l) 2 (/i — 2)’ 


Alternatively the contributions to the coefficient of the univariate formula 
may be each split up among the six coefficients by which it is replaced 
in the bivariate formula, giving in this case 

4 ( 1 9n — 8 3) *r 33 k 2 n + 8 ( 1 1 n — 20) k u k 20 k 0 . 2 + 8 (7 n — 1 2) k 42 ac, l k 02 


+ 8 (7n — 1 2) k 2a k u k 2 0 + 2 (5 rc — 9) /c 81 *4,+ 2 (5 n — 9) k 15 


in place of 


8(37n-65) <c 6 4 


In the same way the appropriate subdivision of the other bivariate and 
multivariate formulae may be obtained from an examination of the same 
set of two-way partitions, and it will evidently be sufficient for practical 
purposes to tabulate all the univariate formulae up to a given degree in 
order that all the corresponding multivariate formulae should be rapidly 
obtainable. 

The algebraic equivalents of a number of the more commonly occur- 
ring patterns are given on pages 223-226. 


Some useful patterns. 

Two TOWS . 

XX 1 XXX n— 2 X X X X 3/*+3 

XX »— 1 XXX n(«— l) 4 X X X X »*(«— l) 8 

In general, if a= — {l/(n— 1)}, we have l/(w p-1 )(l — a* -1 ). 
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Three rows. 


J (w-l)(n-2) 

XXX .XX 
X . X = X . X 
XX. XX. 


XXX 

XXX 

XXX 


{n-\f 


7l 2 — fS/i + 1 0 
{n — 1) 2 (h — 2)‘ 2 


XXX 
XXX 
X X . 


n — 3 

(n-l) 8 (n-2) 


X X X X 
X X X X 
X X X X 


w 4 — 9w 8 +33w 2 — 60w + 4B 
w(w~l) 8 (w-2) 8 


X X X X 
X X X X 
XXX. 


(/? — 8)(h 2 — 4?? + 3) 

n(?i— l) 3 (n— 2) 3 


X X X X 
X X . X 
XXX. 

X X X X 
X . X X = 
X X . . 


v 2 - 5 71 + 1 
n(n — lf(n— 2) 


X X X X 

X X X X - 
) 

XX.. 

XXX 
X X . X 
XXX. 


tt 3 -4;? + 5 

w(n — l) 8 (w — 2) 

/#. — 3 
n(n — If 


.XXX 
X . X X 

XX.. 


71-2 

n {n — 1 f 


X X X X 

..XX 

XX.. 


Four rows. 


: x 




X 

X 

X 





X 


n(// + l) 

X 

X 

X 

n 4 

l 


-71//— IB 

X 

(n- 

■D(» 

— 2)(« — 3) 

X 

X 

X 



— 1) 2 (« — 2r 

{n—Qf 

X 




X 

X 

X 





X X 

X 





X 

X 

X 



X X 

X 

w 3 - 

-8n 2 +17n + 2 



X 

X 

X 

n 2 — 4n 

-1 

X X 

X 

(?»-1) 8 (h-2) s (h-3; 

) 


X 

X 

. 

{n— 1)“ (n — 

2 

X X 

• 





X 

X 

• 




X 

X X 




X 

X 

X 




X 

X X 

n{u — 4) 




X 

X 

n(n — 8) 



X 

. X 

(n — lf(n — 2f 



X 


X 


2? 


X 

X . 




X 

X 





XXX .XX 

X . X __ X . X n 

X X . X X . (n— l)*(n — 2) 

XX. XX. 

X X . X X X X X 
X X . X __ X X . X w 8 — 7n a + 13;H-l 

XXX. “XX, . n(?i—lf(n — 2)(n—3) 
XXX. XXX. 
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X X X X 

X X X X n 8 — 5n a +7»+l 
XX . .] »(n — 1 ) 8 (« — 2) (■»— • 8) 
XX.. 


X X X X 

.XXX « 8 — 8w a +23n— 24 
X . X X (»— 1) 8 (»— 2) 8 
XX.. 


.XXX 

x . X X — 9u a + 29^ — 82 

XX. X (n— l) 8 (n—2) 8 
XXX. 


X . X X 

X X . X ?i a — 7n+14 
XXX. (n-l) 8 (n-2) 2 
XXX. 


XXXX XXXX ..XX 

X . X X __ X . . X ___ X X . X n 2 — On +10 

XX. .“XXX.^XXX. (w — l)®(n— 2) a 
XXX. XXX. XXX. 


XXXX XXXX 

XXXX_XXXX U 2 — 5m + 8 

. . XX = X . X . (w—l) 8 (n— 2)* 
XX.. XX.. 


XXXX 

.XXX 7i 2 -—5?i + l 

X . X . (n — l) 3 (n—2) a 
XX.. 


.XXX 

X . X X — 8) a 

X X . X (n — l) 8 (» — 2)* 

XX.. 


X . X X 

X X . X tt — 4 

XX.. (n — l) 3 (w— 2) 
XXX. 


X . . X XXXX 
X X . X __ X . . X 
XXX.-XX. . 
XXX. XXX. 


XXXX .XXX 

. . X X _ . X X X 

X X . X X . .X 

XX.. XX.. 

.XXX 
_ X . . X „ 

~ X x . . 

XXX. 


..XX 

X X . X 71 — 3 

XXX . (n— l) a (n — 2) 
XX.. 


XXXX 

XX.. 1 

XX . . (»— l) a (H — 21 

..XX 

XXXX XXXX .XXX .XX. .XXX 

X. . x _ . . X X _ . . X X _ . . XX ^ X . XX 
XX. . ~ X . . X — X .• . X “ x..x XX. . 
X.X. XX.. XX.. XX.. XX.. 


.XXX ..XX x.xx 

_ X X . . _ X . X X _ X . .X 1 
= X . X . - XX . . "XX. . (»-l) 8 

x . . X XXX. XXX. 
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Five and 

six row patterns. 



X X . 

X X . 

X X . 

X X . 

X X . 

x x • 

X X . 

X X . 

X . X = 

^ v y v y * 

X X . 

EE X X . 

X . X 

' X ! X 

X . X 

X . X 

. X X 

XXX 

. X X 

XXX 


n(n+ 1) 


X X 
X X 
X X 
X X 
X X 

XXX 
XXX 
X X . 
X X . 
X . X 


w 2 (w+5) 


(n — 1) (n — 2) (n — 3) (n — 4) 


n(n 2 -5n-— 2) 

(n — 1 ) a (w — 2) a (n — 3) 


XXX 
XXX 
X X . 
X . X 
. X X 


;*(k 3 — 9?r + 19;? + r>) 
(n — 1 ) 2 (n — 2 ) 2 (n — 3) 2 


XXX 
X X . 
X X . 
X . X 
. X X 


(n — 1 ) 2 {n — 2) {n — 3) 


n(n 2 — in — 1) 

2) a (»-3) 


XXX 
XXX 
X X . 
X X . 
X X . 


n(n l —An-~ 9) 

(n — - 1)‘ 2 (« — 2 )(n *— 3) (n — 4) 


X X . 
X X . 
X . X 
X . X 
. X X 
. X X 


n (n 4- 1) pr — 5;? -f 2) 
(n — 1 f (n — 2) 2 (n — 3) 2 


X X . 
X X . 
X X . 
X . X 
X . X 
. X X 


7? 2 (n + l) 


(n — 1 ) 2 (n — 2) 2 (n — 3) 


X X 
X X 
X X 
X X 
X X 
X X 


7?0+ 1)(h 2 +15/7 — 4) 

(n - 1 )(w — 2) (n - 3) (n - 4) (n - 5) 


The general formula for the two-column pattern with r rows is easily 
found, By enumerating the separations into 1, 2, 3, ... separates, to be 

A ?, (° r ) 

v~i p n{n—l)...(n—p+l)> 

where A*(0 r ) stands for the leading p-th advancing difference of the 
series 0 r , l r , 2 r , .... 


10. Demonstration of the combinatorial method. 

To demonstrate the validity of the rules which have been stated, 
it is useful to consider in what manner the generating function M will 
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be modified by a functional transformation of tbe variates. In the case 
of a single variate x we have the function 

f 1 

M= l+/Xj/c + /x 2 + 

the coefficients of which give the mean value of all powers of x in the 
population. By what operation should the function M be transformed 
so as to give the corresponding function appropriate to a new' variate £, 
which is a known function of x? Suppose that 

£ =/(•*’) = c 0 +c t x-f c * 2 £ 2 + ..., 
then the mean value of £ is 

w hich may be written 


or 



M, 


where / is made to vanish after operation. 

Moreover, the mean value of the r-th power of £ will be given, at 
least formally, by the equation 


t 

Hr — 



M, 


and the new generating function, 

•j 

M' ~ I + M1T + M2 * » 


may be w r ritten e Tf M, 

in which the operator is supposed to be expanded in powers of d/dt 
before attacking the operand. 

The corresponding relationship for simultaneous variation is easily 
found. In such cases M will be a function of two or more variables 
t u f 2 , ... corresponding to the variates x, y, ; the new variates will be 
given functions of the old 

£1 =/i(*» y> •••), 

£ 2 ^ fzfa* y> • • •)> 
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and the operative expression for the transformation of M is 

M' = e T ' f '+ T * ft ~ M. 

To apply this result to univariate sampling problems, consider the n 
observations of the sample as our n original variates, and the symmetric 
functions k u k 2 , ... as the new variates the generating function of which 
is required. Then, considering first the operand, for the first observation 
x, the fi generator is e K(t '\ where K is the k generator of the population 
sampled, i.e. 

I{(t) = + + — 

Moreover, since the n observations are independent, their simultaneous 
k generator will be merely the sum of the individual generators, so that 
our operand is 

exp jicjSi+Kjj + 

11 

in which s r = S (t[). 

V = l 

We may note at once that the coefficient of /?£[*■**... in the operand is 

*xi ^ 

2m 2m 

(?i 0 Xl Xi ! (^2 -) Xs Xa • 

The /x generator of the simultaneous distribution of the k statistics 
will be given by the operator 

I k'l 4- r*2 A'j f . . . + T n k n 

in which k v is interpreted as the same function of d/dt i, d/dt 3 , ... as 
the corresponding k statistic is of x u x 2 , ..., x n . The property by which 
these statistics were defined, namely that the mean value of k v should be 
k v , is now seen to imply that 



where (vj, v 2 , ...) is any .partition of v. If, for example, the partition 
is of two parts, 

v n(n-fl) 

S ri s v , = S(f‘ + ^)+ s (**’> 1"*), 

i i 
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in which t and V are different members of the set t u t, h it follows 
that k v must contain, in addition to the simple term 



terms for all two-part partitions of the form 


— 1 v ! 
n(n— 1) v x ! j/ 2 ! 



except when v 2 = v 2 , when each operator finds two terms on which it can 
act, and its coefficient is therefore to be halved. Thus, if we write 




i)i 

w(n — I) ...(n — p + 1) 



where p = ^,+%+ • *• and etc. are any selection of p out of the 
n variables f, the summation being extended over all such selections, 
then 


kp — 


JU 


(ih'-T' »i Up* ir*7r 2 !... 




the summation being taken over all partitions of p. 

This structure of the k operator makes it possible to think of the p 
acts of differentiation in each operator as p separate objects, the partitions 
of which, represented by the g operators, occur each in as many ways as 
the objects can be arranged in that partition. We may thus use a two- 
way partition to assign how many of these operations are effective against 
each of a series of factors s qi s Qt constituting the operand. 

Let now this operand product be expanded in a number of terms of 
the form 

z(a, b, c) = S(t a t ,b t ,le ), 

the summation being taken over all the n(n— l)(n— 2) different ways of 
selecting t, V , and t n from among the set t u ..., t n . This will then 
be a z term for every possible separation of the partition (q^qp •••) into 
one or more separates. For each two-way partition chosen all these 
separations will contribute to the result, and with the same numerical 
coefficient, apart from that contained in the g operators, equal to the 
number of ways of allocating the objects in the two-way partition. 



230 


R. A. Fisher 


[Dec. 18, 


The number of terms in the z corresponding to any separation into 
a separates is r?(n— 1) ... (n— a+D, and this, combined with the factors 
in the g operators, gives the functions of n corresponding to any two- 
way partition according to rule (5). There remains, however, in M' a 
number of terms corresponding to two-way partitions, in which the 
columns may be divided into two classes, each confined to different 
sets of rows. These introduce terms of a higher order in n, which are 
obliterated when we find K' = log M 1 , for in these cases the additional 
term in M' will be of the form A B . where both A and B occur also as 
other terms in M 


11. Measures of departure from normality. 


The statistical inefficiency of moment statistics from distributions 
differing widely from the normal, except when they are of a special type 
[ 10 ], much reduces their practical importance for curve fitting ; but since 
they are fully efficient for the normal distribution, they provide an ideal 
basis for testing if an observed sample indicates a significant departure 
from normality in the population sampled. Significant asymmetry 
should, in the first instance, be shown by an excessive value of fe 3 ; but 
since the variance of the population is usually unknown, but may be 
estimated from the value of observed in the sample, the test of signi- 
ficance will usually involve not the distribution of fc 8 , the moments of 
which are given by such formulae as (4) and (20), but the distribution 
of the ratio k 3 k7*~. Since, for the normal distribution, the variance of 
fc, is given by 


4 3 a ) = 


6 n B 
(n— !)(«■— 2) *** 


it will be convenient to show bow the moments of sucli a statistic as 



{n — l)(n — 2) 

6?i 



may be expressed in terms of tbe general k ( ...), for all distribu- 
tions, and its particular value obtained for the normal distribution. This 
may be done by expanding the factor kj'‘ in the form 


whereupon, in virtue of the expressions connecting the moments /i with 
the semi-invariants k , and the mean value of x being zero, we can at once 
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write down the following expansion for its variance : 

M 2 (X) = *,(*) = ( "~yr 2) j*(3 2 }-— k(3 2 2)+4 M3V(2 2 )+/c(3 2 2 2 U 

O/l Kg 1 Kg Kg 

- 4 1 3/f(3 a 2) k( 2 s ) + a- ( 3 2 ) *(2 a ) 1 + -5 { 3*(3 2 ) /c 2 (2 2 ) } l , 

Kg K ) 

in which, remembering that a k of p parts involves terms beyond 

n' 2 have been omitted, as well as the terms of odd degree which vanish 
for symmetrical distributions. 

Similarly we have 

/**<*) = |3/c 2 (3 2 ) + k-( 3 4 ) — — • { fi(c(3 2 2) /c(8 2 ) + *(3 4 2) J 

91 

+ =i {8< 2 (3 2 ) a(2 2 )+Ga 3 (.8 2 *2) 

K ~2 

+ K( 3 4 ) /c (2 2 ) + (5/c(8 2 2 2 ) v(3 2 ) I 
| 18 k(3 2 2) k( 3 2 ) k ( 2 2 ) + 3 k- 2 (8 2 ) <c (2 s ) } 

Kg 

+ ~r {9**(3 a )A s (2 a )}| 

and 

/*,(*) = <n ~ 1 1 2 t ”4 " )l |l®* s (8 1 ) + 5ic(8 4 ) /c(8 2 )+(c(3 6 ) 

- — { 45/c(8 2 2) * 2 (8 2 )+ 15*(3 4 2) «• (8 2 )+ 15/c(3 4 ) k(3 2 2) } 
K ‘2 

+ ^ { 15a- s (3 2 ) k( 2 2 ) + 9(k 2 (3 2 2) k (3 2 ) + 45/c (3 2 2 2 ) * 2 (8 2 ) 

+ 15/f(3 4 ) <(3 a ) *(2 2 ) } 

- — { 15/c 8 (3 2 ) k(2 8 ) + 1S5*(S 2 2) ^(3 2 ) *-(2 5 ) 

K 2 

+ ~ { 45a 8 (8 2 ) a' j (-2 2 ) } \. 
4 i 

From these moments of the distribution of x, the semi-invariants K t (x) 
and K C (:r) may be obtained by means of the relations 

H t (x) ~ <v 4 (x) -f- 3 ^ 2 (ar) > 

/u 9 (x) = KtW+lS/Ciix) k 3 (x)+15k$(x), 
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giving 


*,(*) = fr^A”r 2)1 }*(8 4 )-- *(8 a 2M8 2 ) + ^ * a (S a ) *:(2 a ) 

4 86w 8 k!J I - 


*••2 


- — (3 4 2) + ^| * 2 <8 a 2) + ^ /r(3 4 ) /c(2 a ) 

/C 2 K> K 2 

+ ^ K(8 3 2 2 M8 a )-^ /r(3 a 2)/c(3 a ) /c(2 a ) 
^2 *2 

- * 2 (3 a ) *(2 8 )+ «*(8*) « 2 (2 2 )} 

and 

*,(*) = (W ~w- ( 3 ~ 2)8 ]<c(8 6 ) — — at( 8 4 2) /r(8 2 )— — «f(3 4 ) *r(8 a 2) 

0 216?rif2 ' k 2 

+ <c a (3 a 2) /c(8 a ) + ^ *r( 3 a 2 a ) K- a (8 a ) 

aT> *."> 


+ ™ *■ ( 8 4 ) * (3 2 ) «f(2*)- ^ k 8 (3 2 ) (f (2 s ) 

Ko K 0 


- *-(3 2 2) * a ( 8 a ) x-(2 a )+ 4 -^- <f 8 (3 a ) * a (2 a )! , 

K° K 7 j > 


while no higher semi-invariants contain terms involving only n~’ 2 . 

The formulae tabulated give all the values required for k 2 (x) ; thus 
for samples from the normal distribution 


<e(2 a ) 


n — 1 


*( 3 2 ) 


6n 


(»-!)(« -2) 


k:,, 


*C 2 s ) = 


(«- 1) : 


- *- 3 
;2 " 2 ' 


^3 a 2) = ^ * 2 k(3 2 ), k(3 2 2 a ) = 7 — — — -p - 2 /c 2 <t(3 2 ), 


n— 1 


(»-])“ 


and substituting these values, we find 


, , . 6 22 


To evaluate k 4 (x) we need in addition 


*(3 4 ) = 


648(5n— 12)n a „ 
(n — l) a (»— 2) 8 * 2 ’ 


and the leading term in k( 3 4 2) ; this latter only requires the enumeration 
of the number of ways of building up two-way partitions of (3 4 2) with 
row totals (2 7 ), or the number of ways of connecting up the symbolical 
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which can he done in 15548, 7774 and 15548 ways respectively, showing 
that k( 3 4 2) from normal samples is approximately 38880rr 4 . 

With this value, that of k 4 (x) is evaluated as 


k 4 {x) = 


86 

n 


1296 


Finally, for kc,(x) the only new k required is k( 3 6 ), involving the figures 
having six points from each of which three lines radiate : — 





which supply a contribution of 47520n 2 to kg(%), or, with the other 
terms, lead to the value 


*«(*) — 


15120 


For the practical application of the function x in testing asymmetry 
we shall now require to construct a function of x which, as far as terms 
in n~ 2 , is distributed normally. Putting 

* = /8£+*<£ 8 -80+itf‘-lO£ , +16). 
where £ is normally distributed with unit variance, it is easy to obtain 
«*(*) = # a +6<5 a , 

*,(*) = 24/5*<5+216/? a <5 2 , 

K e (x) = 720^,+ S240S 4 <S a , 
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which are satisfied by 



or, inverting the relation between £ and x, we have 

f = 1 (' + f + S) _ I; ~ ^r) (a! ' _ 3d_ S 1 te ‘+ 15 *>- 

This translation formula makes it possible to assess the numerical 
effects upon tests of significance of the actual distribution ; Tables 2 and 3 
show the values of various possible formulae for the test deviate in the 
region, important for tests of significance, cc = 1 * 8 to 2‘2, and indicate 
that these effects are very serious. 


TABLE 2. 

Comparison of deviates in five formulae for testing asymmetry. 
n = 100. 


(a) 

(ft) 

(«> 

(d) 

(e) 


V o 

X 

£. 

t-2 

1-7999 

1-8274 

1-8 

1-8475 

1-8603 

1-9999 

2-0305 

2-0 

2-0300 

2*0586 

2-1999 

2-2335 

2-2 

2-2053 

2-2530 


TABLE 

3. 



Comparison of deviates in five formulae for testing asymmetry. 


n = 50. 



(a) 

(*>) 

(c) 

(d) 

M 



X 

£1 

£2 

1*7996 

1 -8558 

1-8 

1-8950 

1-9468 

1-9996 

2 -0620 

2-0 

2-0600 

2-1745 

2-1995 

2-2682 

2-2 

2-2106 

2-4016 


In this region an error of 0 1 in the deviate produces an error of 
about 24 jper cent, in the probability deduced, and, although high 
accuracy in the latter is not a necessity, little reliance can be placed upon 
tests when the deviate may be biased by as much as 0*2. Of the 
formulae tested, the formula (a) in terms of crude moments is almost 
equivalent to the use of x, and these are evidently the most in error. Of 
the simple formulae ( b ) is least in error, and for samples of 100 this error 
is only about 03. The value £i shows the effect of using terms of the 
first degree only in the translation formula, while £ 2 shows the effect 
of using also terms in n"" 2 . There is evidently little to be gained by 
using £1 instead of the simple formula */(n/ 6)k z k^, which latter gives 
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apparently the better values for deviations exceeding 2 0. For samples 
as small as 50 the fully corrected value £ 2 is evidently required, and in 
view of the uncertainty of the effect of the omitted terms in n ~ z , etc., 
no reliable test of normality for materially smaller samples can be said 
to he available. As in so many other cases, the adequate treatment 
even of moderately small samples is not well approached by series in n~ l . 


12. The significance of the fourth moment. 
The sampling variance of lu from a normal sample is 


24 wQHrl) 4 . 

(n— 1 )(m— 2)(n — 8) Kj ’ 


in testing the significance of such a value, we should therefore naturally 
calculate 


— / / (n—l)(n — 2)(n — S) \ 

X ~ \\ 24m(«+1) ) 


k 4 A o 


as a variate which, with increasing sample number, tends to be normally 
distributed with unit variance. With finite samples the distribution is 
asymmetrical, for *(4 3 ) is not zero. The true mean value of x is zero, 
for with a normal distribution *(42'') is zero for all values of p, whence it 
follows that the mean of A* 4 is zero independently for all values of h 2 . 

The mean value of x 2 is easily expanded in the form 


(u — 1 ) (n — 2)(n — 8) | 4 ,-. g , . 10 


2471 (n + 1 ) k*> 


|*(4 2 )— — ic(4 2 2)+“j k(T 2 ) *(2 2 )+ ... [ 


or 


I* 


k 2 k:> 

32 . 20 


71—1 71 — 1 

as far as n -1 . 

The mean value of x 3 , as far as n~ 3 , is 

I ( ”~ 1 4 )( ?T 2 j!”r ?) l 3 !-(4 8 ) - — *(4 3 2) + ^ *( 4 s ) k(2 2 )+ . 1 

l 24 m(m+1) k, ) ( k. 2 

Now k( 4 3 ) has been evaluated by the direct combinatorial method, 
giving (formula 57) 

• 1728«(«+1)(m 2 -5m+2) «, 

" (4 ’ “ (n — l) 2 (n— 2) 2(«— 8) a * 2 ’ 

or, as near as needed, 


4728, , Q , 
— 5— (n + 8) , 



236 


R. A. Fisher 


[Dec. 13, 


while the leading term of k(4 3 '2) is 1 728 n S X12, giving, as the mean 
value of a; 3 , 


or 


f fw-D&t D r GV6lM+8 _ 72+4 2|, 

1 ?r(w+ 1) ) 

6 VC /, _ 65\ 
yA V 2 n/ ' 


Next, the mean value of a: 4 is, as far as n \ 


((» — 1)(« — 2)(w — 3)) 2 
1 24tt(«+l)/c 4 ) 


3/c 2 (4 2 ) + k(4 4 ) 


I 6k(4 2 ) *(4*2)}+^ j Sk 2 (4 2 ) /c( 2 2 ) t } ; 


whence, subtracting three times the square of the mean of x 2 , there 
remains 


= ( (,, - lx r^r 8 ) l’^-^«(« 1 «(ea )4 % 


24»(m+1) k 4 


*2 


/i — 1 


K 1 (4 2 ) 


) 

]• 


The leading term in /<(4 4 )-^ 576*® comes to 63G/i~ 3 , to which the other 
terms add —192 and +96 respectively, leaving 


* 4 (x) = 


540 


For the mean value of x 5 we shall need 
(afe) } 10 ^ 42 )' f ( 43 ) + ' f ( 46 )-^ 10 k(4 2 2) /c(4 3 ) 

+ l(k(4 2 ) k-( 4 2 ) /c(4 3 2)+ ~ a- ( 4 s ) a: ( 4 s ) k(2 2 )| , 

*2 ' 

whence, deducting 10 k 2 (x).k 3 (x), there remains 

- — /c(4 8 2) k( 4 2 )+^? /r(4 8 ) «r(4 2 ) if(2 2 )| , 
K 2 ^2 ' 

91 

or . 144 y/6. 


Now if £ is normally distributed with unit variance, and x can be 
expressed approximately in the form 

* = ^+yr-i)+^(# 8 -3^)+ e (^-6^+8)+..., 
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we have 

Ki(x) = fJL^X) = 0 , 

k 2 ( x ) = MaW = /3 2 + 2y 2 + <3^ 2 +24e 2 +..., 

= /u 3 (x) = f)/3 a y + 8y 3 + 8()/3y<5 + . . . , 

M 4 W = 38 4 +24/W48/3 2 y 2 , 

whence * 4 (x*) = 24/3 3 () + 48 i 8 2 y 2 , 

and Mr>W = hO/3 4 y + 1 20/3 4 e + 1080/S 3 y<5 + 680/3 2 y 3 , 

whence /c 5 (.r) = 120/3 4 e + 720^ 3 yo + ^80 i 8 2 y 2 ; 

and equating these to the actual values, neglecting n~'\ we have the 
translation formula 




Hr £ (f-3f) + r - 6?+ 3), 


5w» 


or, inversely, 


201 
2 n 


(x s - 1) 


+1, «-■-«+£ vl te ‘- 6a: ’+ 8) - 


Summary. 

The equations which connect the moment functions of the sampling 
distribution of moment statistics with the moment functions of the 
population from which the samples are drawn correspond in univariate 
problems to all the partitions of all the natural numbers, and in multi- 
variate problems to all the partitions of all multipartite numbers. Very 
few of this system of equations have hitherto been obtained owing to the 
algebraical complexity of their direct evaluation. The formulae are very 
much simplified (i) by using the semi-invariants instead of the moments 
of the population, and (iij by using the system of moment statistics, the 
mean sampling value of each of which is the corresponding semi- 
invariant. The relations which necessarily exist between the different 
multivariate formulae demonstrate that all of these, as well as the uni- 
variate formulae, must be derivable from a system of rules associating 
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different two-way partitions of multipartite and unipartite numbers with 
corresponding functions of the sample number n. 

Rules are given and illustrated which enable any term of any of 
these formulae to be obtained directly from an examination of the appro- 
priate partition. Their general validity is demonstrated by a theorem 
which connects the moment generating function of any distribution with 
the corresponding function of any functionally related set of variates. 
Complete univariate formulae are given up to the tenth degree, and some 
new results are applied to the theory of samples from a normal popula- 
tion. • 
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A PROBLEM IN COMBINATORIAL ANALYSIS GIVING THE 
DISTRIBUTION OF CERTAIN MOMENT STATISTICS 

By J. WlSHART. 

[Received 15 December, 1927.— Read 12 January, 1928.] 


f Extracted from the Proceedings of the Loudon Mathematical Society, See. 2, Vol. 29, Paris 4 and 5.] 


1. Statement of the problem. 

It is natural, in studying problems of statistical theory, to regard any 
experience or group of events as only a sample out of a larger population 
of events. This population we may assume (a) to he infinite, (/D to follow 
a known mathematical law, such as the normal. It may he specified by 
citing the appropriate moment coefficients; thus, if normal and uni- 
variate, the mean and the standard deviation are sufficient to specify 
a particular distribution. With a number of variates it is necessary to 
know, not only all the means and standard deviations, hut also the co- 
efficients of correlation between any two variates. Speaking generally, 
we require all the product moment coefficients of the second degree. Our 
only knowledge of such a. population conies from the sample, which is of 
finite size and is subject to random sampling errors. From the sample we 
can calculate, in any agreed manner, estimates of the population moment 
coefficients, which will he more or less inexact. One naturally finds that 
more reliance can he placed on a large than on a small sample. But what- 
ever its size it is unsafe to take a sample estimate as furnishing the 
required population value without determining the errors to which the 
estimates are subject. A complete knowledge regarding these can be 
obtained if the frequency distribution, in samples, of the various moment 
coefficients can be determined theoretically. Much modern research has 
lain in this direction, and the distributions of the mean, standard devia- 
tion, and correlation and regression coefficients are known. A very 
general result of this nature has been put forward in a recent paper*, and 
is as follows: Let cr J)} <r (/ and p ^ be typical standard deviations and coefficient 


* Biometrika , 20a (1928), 38, 
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of correlation of an u-variate population. Let A be the determinant 
l/V/l 0», 7 = 1,2, 
and let A,,,, lie tlie minor of in A. T>et 

X 

o fvj — ji \/ 1 w / 7\T 

i 

be the product moment statistic of the /Mli and q-th variates in a sample 
of size N from this population, sr being tlie observed deviation from the 
mean.- Then if we write 

A j„ f — A, ", — N . A /lt/ /2cr y iflr,, A, 

we find that the simultaneous distribution, in random samples of N, of 
the n variances (squared standard deviations) and the ]n(n — 1) product 
moment coefficients, when the population sampled is normal, follows the 
law given bv the differential relation 

, _ \A„,Aqq, 

P ~~ Wir)* Hu - l) r(lN-h) F(lA r -l)...IW-iw> 

/ h j 

X exp — IS A r , \a ll9 a&, ..., a t) „ | 4(y “ w ~ 5) cla u fla ]2 .. . da Vft , (D 

i ?•, • l —\ ] 

in wliich the determinants are of the w-th order in hotli cases, witli A m 
and a vn respectively as typical elements. 

A very great deal of information is contained within this general 
result. Thus the distribution, for one variate, of the mean and standard 
deviation, and, for two variates, of the correlation and regression co- 
efficients, can he deduced directly from particular cases of (D*. It seems 
likely that new distributions for three or more variates will in time 
follow. Meantime, as a preparatory step in the direction of elucidating 
the required information, all the independent moment coefficients, up to 
the fourth order and eight variates, were worked out. The method first 
used wa6 a generalization of a formula of Romanovskyf, and will he 
illustrated for the special case of three variates. Let 

( 1 <1 P\ 

k vi J 

represent tlie general product moment coefficient, about an arbitrary 
origin, of the /- th, fr-th and I-th powers of the three variances, and the 

* For historical references see the paper already cited, 
t Comptes rendus, 180 (1925), 1898. 
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m-th, p-th and <]-th powers of the three product moment statistics. Then 





a A 


K-> 0 


( 2 ) 


.and 





| A a, 

A 12, 

1 $<A T - 

^M3 

y\nv) 

= A 2l , 

A 22 » 

A 23 1 


i A 31, 

A'3‘2, 

A 33 


An u f 

A - 1 v, A a, - /3, A 23 - i\ ' . (3) 

^31 A 30 iX, Atf — y I 


The general moment coefficient is tlms expressed in terms of A\ the 
size of the sample, and the following moment coefficients of the sampled 
population 

M'200 M<)Oq =:: M002 ~ 


Mno — <T i fr 2/ , i-2 ? Mjoi — <T i rr 3p\3, Mon — 

The corresponding general moment coefficients, when taken about their 
own mean value in samples as origin, will lie designated by 

(J <1 P 
fj. l k m 
\ l 


It was soon evident, however, that, in all hut the simplest cases, the 
labour attendant on the direct calculation by means of (2) of the 111 
independent moments up to the fourth order would he very great. 
Moreover, the logical order of procedure is to calculate the general 4, 
<6 and 8 variate results 



from which, by associating the numbers 1 to 8 in all the possible ways, 
all the 2nd order, 3rd order, and 4th order formulae respectively can be 
reached. Such calculations would, however, he exceedingly difficult by 
the procedure outlined. At this stage the author was prompted, on the 
suggestion of Dr. It. A. Fisher, to consider his problem as a special case 
of the application, to general sampling theory, of the methods of com- 
binatorial analysis. In what follows the correspondence between the two 
theories will be sketched, and the importance of the study of the parti- 
tions of unipartite and multipartite numbers in the theory of statistics 
will be indicated. 
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2. Cumulative moment functions. 

The expressions which can be determined by an application ot com- 
binatorial analysis are not, however, the moments themselves, but the 
corresponding cumulative moment functions. These functions are 
identical with the semi-invariants of Thiele, and the applications to be ; 
discussed, together with the simplicity and elegance of the resulting 
formulae, combine to give an added importance to functions originally 
introduced for quite a different reason. 

If the probability that a single sample value falls within the 
infinitesimal range d.r is </>{x)dx, so that 

j <p{.r)dx = 1, 

then the “characteristic function”, or moment generating function, A/, is 
defined by the relation 

M — | e h </>{#) dx. 

This function is always well defined for all pure imaginary values 
of t*. Even should certain of the moments of the distribution, i.e. 

x' dr. 

become infinite, ill is still well defined and | M | ^ 1 (since |e' J |=lb 
M is therefore absolutely convergent : it is, in fact, an integral of Stieltjes, 
which, when the moments as defined below have a meaning, can be 
expanded at the origin in the form 

wiiere we have written, in the usual notation, e' for 

x r <j>(x) dx , 

and fi r for the corresponding moment about the mean of the distribution. 
If the logarithm of M can now be expanded in powers of t, we have 

t 2 t n 

I{=Z l 0 gil/= K l t + K^^ 1 +K 9 ^j + ... 

* See P. Levy, Calcul des probability (G*utier-Viliars, 1925), 161, J62, 172, et tteq. 
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as the generating function of the cumulative moment functions k. The 
k s are determinate functions of the //.’ s, and can be obtained in terms of 
these by equating coefficients of like powers of t. It is sufficient for our 
present purpose to note that 


*1 = v 2 — fX 2 , K n = /x 3 , jc 4 = /u 4 — 3/ui;, (4> 

formulae which enable us to convert //s into k s and flicc versa. Since 
the relations are invariant and independent of the nature of the distribu- 
tion, the case where the logarithm of M cannot be so expanded need not 
be considered. 

Similar relations exist when two or more variates fall to be considered. 
Thus, for a bi-variate system, corresponding to the moment generating' 
function 


M — | j e rl ' +! " : <p(xy) dx dy 


1+Miu f'l+^Ol ^2 + MjO +2.u[i •— +M02 -r; +M30 +3 m!ii + ••• 


2 ! 


2! 


8 ! 


_ 

3 ! 


— e" 1 "'! 4 "'' 1 '-- [^l+M2o | 1 j + 2Mn ^7 +M02 +M«> + 3 Msi + 


we have a kappa generating function 

K = log if/ = vio ^ + *01 *2+^0 fc jj + ^v n +*02 ^ 

The fC s and the k’s agree up to the third order, by virtue of the 
origin being at the mean, while, for the fourth order. 

*40 ^ M40 8 MjO» *04 ’ == ^04 8/^03 | 

*81 = M8l — 3 M20Mll» *13 = Ml8*~8Mo3Mn J • ( 5 ) 

*22 ~ M 22 ^ 20^02 ) 

These formulae are, in fact, particular cases of the following one,, 
which is all that need be remembered : 

*1111 = Mjiii MuooMoon M1010M0101 MiooiMono* ^ 

Any number of noughts can be inserted in the suffixes of this formula, 
while by the association of two or more of the one’s, all the special cases 
that are likely to arise, such as equations (o), can be deduced. Similar 
formulae give the /T s in terms of the k s, but in this case all the terms 
are positive. Thus the reverse of ( 6 ) is 

Man = *1111 + *1100 *oou + *ioio *0101 + *iooi *ouo* 
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The generating functions, introduced in this section, play a very 
useful role in the study of frequency distributions, since they present all 
the moments in an orderly scheme to the eye, and capable of trans- 
formation as required. Further, for the particular case of the normal 
distribution the kappa generating function degenerates into its first two 
terms, since all k s beyond ^ vanish. 

I). Determination of sampling moments — tivo variates. 

Turning now to the determination of the cumulative moment func- 
tions corresponding to the moments given by (2), we may conveniently 
begin by writing down the well known results for the cumulative moment 
functions of the variance 

*(1) = (N-1)kJN = (N-l)o*IN, k&) = 2(J\T— 1) a*“/JV 2 , 

#c(8) = 8(N-1)4/N‘\ ' k( 4) = mN-D4IN\ 

the general result being 

k(8) = 2^ ] (.s-l)i (N-1)kI/N'\ 

which is directly derivable from the exact distribution of the variance 
from a normal sample 

dp = A^ r '»e- A DiH*-Vdall\hN-l), 

in the notation of the early part of this paper. 

A study of the rules* which govern the numerical coefficients in 
the case of moment statistics of any order derived in general from 
non-normal populations shows that the above coefficients should be 
regarded as the number of ways in which the multipartite numbers 
(2), (2 2 ), (2 s ), ..., (2 # ) can he partitioned into s parts of two units each; 
the restriction that we shall consider only those partitions in which the 
elements of the multipartite number are linked together to form a com- 
plete ring guarantees the correctness of the numerical coefficients. 
It is only in the case of the cumulative moment functions that 
these simple coefficients, both the numerical ones and those in terms 
of N, occur; while the actual form of the general coefficient 
indicates that it is these functions, and these alone, which are deter- 
mined by the partitional problem about to be described. In this repre- 
sentation the problem of finding-, for two variates, the coefficient of 

* I owe the use of certain empirical conclusions which are made at this stage to informa- 
tion derived from Dr. R. A. Fisher, who felt justified in drawing them in consequence of 
some investigations which he has made but which are as yet unpublished. A general demonstra- 
tion of these rules has since been obtained by Dr. Fisher, and will appear shortly in these 
Proceedings, 
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{N—Dk^k^k^JN 6 in k(^ will be equivalent to the problem of finding 

the number of ways of arranging in a ring l rods, of which both ends 
are black, n, of which both are white, and m with one black and one 
white end, in such a wav that there are p junctions black to black, r 
junctions white to white, and q junctions black to white. Evidently 
})+<! + r = l+m+n = s', and also p— r~1 — n, so that the complete 

expression for k{^ ^ will consist of a single series of terms with co- 
efficients determined by the combinatorial problem, their sum being 
2*" 1 U— 1) !. 

To give two simple examples, ^ will be found by considering 

the possible arrangements in a ring of three rods, black-black, white- 
white, and black-white respectively ; only two essentially different arrange- 
ments are possible, as shown below : 


Each of these can he set up in four ways; arrangement (a) has only 
one unlike junction and supplies the term 


7 T~ *n *02 ; 


arrangement (b) has three unlike junctions and supplies the term 

4 N ~ l ** 

4 jyj) *11* 

The intuitive solution of the combinatorial problem thus leads to the 
complete expression 


f D= 


j N 1 . | •> v » AT 1 ;} 3 / •* 

4 “ jy$~' *JJ ^ O r i ( 72P\*-l p )• 


As an example with four rods, consider here the rods are all 

^black-white, and three essentially different arrangements are possible : 


n 
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Of these (a) may be set up in six ways, ( b ) in thirty-six ways, and (c) in 
six ways, giving 

*(* 4 ) = 6 ^r 4 --- (K%Kl 2 + C)K 20 K 0 .K\ x + K 4 n ) 

= 6 ^^(l + b/> 2 +/) 4 ). 

These two results are identical with those found from a direct applica- 
tion of (2), correcting in the usual way for the mean. 


4. Operational solution. 

The foregoing rules enable us to determine the simplest of the 
required formulae very quickly. It then becomes evident that higher 
order results can be deduced from those already calculated simply by 
considering the number of ways in which an additional rod can be 
inserted into the ring. Suppose that we desire to increase l by unity, 
leaving all else unchanged in a moment of the s-th order. A rod can 
be introduced in two wavs at each of the s junctions, showing that the 
sum of the numerical coefficients is multiplied by 2s. The effect it has 
upon the character of the result depends on the particular junction. In- 
serted between two blacks, it has the effect of wiping out the black- 
black junction and adding two new ones. If placed between two whites, 
the white-white junction is eliminated and two black-white junctions are 
substituted. Finally, if the old junction is black-white this is replaced 
by a black-black and a black-white. Remembering that the new r rod may 
be turned round, w^e have the whole change described symbolically by 
means of the following operator : 


(a) To increase l by unity : 



A 

d.K> 0 




_d_ 

cho/ 


( b ) Similarly, to increase n by unity : 


12 ( i) = 2(c‘i, 



+ 2ko,'Atii -j b 24, 

"*11 


_d_ 

d Ko-: ' 


Finally, if the rod to be inserted is black-white, a double-black 
junction is replaced by a double-black and a black-white, a double- 
white junction becomes a double-white plus a black- white ; but for the- 
black-white junction there are two possibilities, according to the way in 
which the rod is inserted. In one case black- white is eliminated and 
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black-black, white-white substituted ; and in the other two white-blacks 
are formed from one. This corresponds to the operator 

( c ) To increase m by unity : 

12 (' 1 ) = I +****» £^, +2 ^ ku Jk 

= (%+4) ^+ 2 *n vWos) 

The operators (a), (b) and (r) enable us without difficulty to write 
down quite complex results. The arithmetical procedure is simple, and 

is best exhibited as in the following illustrative scheme, where k 
is evaluated from the simple result 

.( 4 ;)= *.-1!^ = *.4! 




! 

Coefft. 






Index of k u 





K 


0 

i 

2 

3 

4 5 

0 

7 

8 

y 

10 

11 

n 

2 7 .3 

(i) 



' 

1 


! 




i 


'n 

2 H . 3 


, 


2 


3 j 

1 




! 


( 4 S) 

2‘".3 2 




1 


3 i 

1 



\ 


nT 

i 2 n .3 2 

(ii) 


l 


12 

1 18 


4 





(*+ 

i 

1 

2 11 .3 2 

i 

; 1 

| 

51 

j 

i 

240 

1 

226 

i 

i 

3G 


i 

rs) 

2 l4 .3*.5 ! 


i 

l 


15 

40 


25 


3 ! 


n 

2 ,4 .3 t .5 

1 

1 



G4 


i 455 

775 j 

j 1 

I 

352 


38 


n 

2 li .8 3 .5 


! 

t 

j 

75 


1550 

| 0420 

i 1 


7008 

1 


2629 


198 


0-( 4 J ) = 2^8 8 .5 ^^^/c u ( 7544,+ 155044.‘4 + 6420 ^ 4,4 

+7608444+2629^^4 + i984) 
= 2 15 . S 8 . 6 <r} 8 4V(75 + 1550^+6420^+76084 

+ 26294+1984°- 
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(i) Here we apply formula (b). The first, stage produces two terms, 
with coefficients 2x2 and 2x3. These are doubled in the next stage 
and added to terms with coefficients 2x2, 3(2x4), and 3(2x2). The 
nature of each term is indicated by the column in which it is situated. 

(ii) The application of the operator (c) is equivalent to multiplying 
diagonally to the left by the index of #cn , and then diagonally to the 
right by a complementary series, such that the sum of the multipliers of 
.any one term is equal to twice the sum of /, in, and it in that line. A 
common factor is divided out wherever it occurs. 

It is evident that the entire scheme of product moments may be built 
up in the wav illustrated, with the minimum of labour, where the direct 
application of formula (2) would be tedious. In fact, the labour 
attendant on the methods hitherto employed has, of necessity, confined 
attention solely to the direct moments and to the simplest of the pro- 
duct moments. In the case of the more general results for non-normal 
populations, too, it has been difficult in the past to check the results 
reached and detect errors*. On the other hand, the use of the 
equivalent purtitional problem is an immense addition to our practical 
knowledge of sampling moments, since it makes available any required 
moment, of the distribution (1). 

5. Extension to Hirer or more pariahs. 

When the sampled population has three variates, the ring arrange- 
ment will be built up of rods whose ends may he of three different 
colours, rjj. black, white, red. The nisnnblr of colours in any calcula- 
tion will be determined by the particular sample moment which it is 
desired to evaluate, and, as before, any arrangement will specify, by means 
of the paired colours at the junctions, a particular combination of powers 
of the hix population moment coefficients, thus determining one term of 
the required k. The sum of the coefficients of all the terms that can 
arise, from consideration of all the possible arrangements, will again be 
Of" 1 (s — 1) !, where there are a rods. To give one example 

(\ * N.— l , 

K y * l) ^ "jya K i iq + ^-'mo'mci “b -^*110 *101) 

_ i JV'— 1 .. 

— 2 ~ tfrsrzWj + PuPvi+tyisriJ' 

Tohouproff, Biometrika , 12 (1919), 198-4 ; Church, Ibid., 17 (1926), 79. 



1928.] A PROBLEM IN COMBINATORIAL ANALYSIS. 

the three possible arrangements of the rods being given below : 


31 ( > 



{a) (b) (c) 


(a) may be set up in two ways, (b) in two ways, and (c* in four wavs. 

Consideration of the possible number of ways of introducing a new 
rod leads to the following operators, which can be used to deduce higher 
order results. 


(a) To increase double-black by unity. 

nl 1 : :) = 2 4 * -f- +2 - Wm ~ +‘iK. m 


(1 


+ 2 "’"" ^,, o +2k ' 0 ' d^ +2lCmKm dK tu ' 
(b) and (r> To increase double white or double red by unity. 

Similar to (</», and got from it by permuting the three suffixes. 
id) To increase black-white by unity. 


0 ^ 4 ^ -<*o ”4* (^-oo voi i *4“ 


vnovioi) 


dK 


101 


+ (*0*J0 «0<>1 + *110 Noil) ~1 + 2 ^»ooMlO ~r~~ 

UKu II . « **><)• 

+ K'no ~T~ h 2^'im A'on y~ • 

UKQ2U 


(a) and (/) T<> increase white-red or red-black by unity. 

Obtained from (d) by permuting the three suffixes. 

Generally, we may deal with the multi-variate case by supposing 
there to be as many different colours as there are variates. We are then 
enabled to present the general second, third, and fourth order cumulative 
moment functions by going up to a maximum of eight variates. It will 
make the exact correspondence between the two problems clear if we 
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write down these general results : 


A ^ . i J — ( a *joio a 'oioiH“ a ‘iooi A 'ono) — JV~2 <T i cr }<r ii (T i (p l 2P2i-}- pup?i) > 

( 8 ) 


jy j 

I = --jyr T" ^i<r2<r3^5< r #[Pl3(Pa»P4#+PMP4S^ + Pl4(Pi5P86 + P36P8r>) 
+ Pis (/»•» P-tf, + P-21 PfK^ + Plfi <P23 P«> + P‘24 PsO] - 

(9) 


_ A 7 — 1 

. | — ^y4 G'l <r 2 flr 3 <T 4 Gr 5 <T C <r 7 <7 8 


1 


x [f/>iai °26 + ^15 /> 23 ) (ft 41 / > r,K+ P 4 K /W + (/>H ftlG + ftv\ ft ft 41 Pto + ft 4 H P.V 7 ^ 

+ (ft ] 3 P'21 + ftll PtM* (p4h Pti* + p4H ft&d + (ftViftW + ftlH ft*2&) (ft Vo PCI + P4( 1 Pol* 

+ (ft u fti:> + ftiTy ft 24 ^ (pm Pg* + P w Poi) + (ftu Pm + Pig P24) (ftsi ft ha + Pm Pf>i> 

+ (pi4 Pi 7 + ftll P'2 4} (fts§ Pgh + Pm Pm) + (pi 4 ftM+ft\H P24} (ftffii Pin + Pm PrJ 
+ (pVo ft 21 + ft\ i P25) (pM Pin + Pm Pif^ + (ft Vo Pm + Pin p^(ftm ft u + (hi Pw) 

+ W J / 3 27 + / ) 17/ ) 26K^35p4H + / 3 38/ 3 45) + (/ ) 16^2fi + PlHP26)(A%/ > 47 + P37/ J 4ri ) ]* 

Results (8) and (0) are equal to their corresponding /a’s, while (10) can 
he converted, using (7), by adding the term 

(N- 1) 2 

“y4 f ^ 1 ^2 <T \4 rT 4 °Y> ^6 °*7 

X [(Pl3 P ( 24 ft 14 P2&) (Psi ftGS ~h / ) 58/W“H/ ) 15p26“l“ ^16P2oH/>37/ ) 4fi"h PwPil) 

+ (/>n i°2 « + Pw Pm)(Pk PiG + Pm PvA 

These results, particularly the higher order ones, are so complex that 
no practical statistician would dream of computing them. They are 
given here, as certain analogous results were once given by ]sserlis*, in 
order that the simpler results may be deduced by associating the numbers 
1 to 8 in all possible ways. Thus, to select a third order result at 


Biometrika , 12 (1918), 183. 



821 


1928.] A PROBLEM IN COMBINATORIAL ANALYSIS. 


random, if we let 5 = 6 = 1, in (9), we get 


K 



= 2 


N - 1 

N 8 


rrj 0*2 «Ta ^4^13 2pi 2 p 13 P14)* 


Again, the product moment coefficient of the four variances, got from 
(10) by putting .1 = 1, 6 = 2, 7 = 8 , and 8 = 4, and adjusting by (7), is 


'1 


N - 1 


1 • } — ^ N 4 ’ ^3 ^4 (Pl2Pt3P24 Pai~hPl2pl4 P& P34~t~ PiaPliPto PH4^ 

+ 1 ) (/>12 PS4 + /°Ta ■+■ /> 14/>2«)] * 


But consideration of* the partitional method obviates this indirect 
method of attack. For instead of working out the general result for all 
colours different and then associating two or more of these, it is easier 
to associate the colours first and then consider the simpler ring arrange- 
ment that now awaits solution. The utility of the method obviously lies 
along these lines. 


0. General considerations. 

The foregoing has dealt with one specific problem only, namely, the 
distribution of the second order moment statistics from a normal popula- 
tion. The correspondence with equivalent problems in the domain of 
combinatorial analysis has been indicated. It has since been established 
that the general problem for non-normal populations, and for moments 
higher than the second in the case of normal populations, is also in- 
timately connected with combinatorial theory, and the special arrange- 
ment of rods in a ring has been of service by analogy in suggesting the 
more complicated forms of the correspondence between the two theories 
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SAMPLING ERRORS IN THE THEORY 
OF TWO FACTORS 

By JOHN WISHART. 

(j Statistical Department , Rothamsted Experimental Station.) 

The mathematical implications of the two-factor theory have recently 
aroused a great deal of interest. Thus Prof. Spearman’s book, The 
Abilities of Man, has been reviewed in Nature (6 August, 1927) and in 
Science (2 March, 1928), and the writers of the reviews have confined 
themselves almost solely to the mathematical appendix. Again, Prof. 
Pearson and Miss Moul, in Biometrika, xix, pp. 246-91, have criticized 
the theory on the ground that data adduced in support of it by Spearman 
fail to show up so well when critically examined by statistical methods. 
The truth, of course, is that the development of the two-factor theory 
has caught the statistician in a state of unpreparedness, for his own 
theory is not yet sufficiently advanced to enable him to deal adequately 
with such a complicated sampling problem as the two-factor theory 
presents. To suggest a new line of attack which may possibly carry us 
a stage further is the object of the present paper. 

It is a necessary consequence of the theory of two factors that all 
the tetrad differences F should be zero. This is where the theory of 
statistics is invoked. All we can hope to examine in psychological 
practice is a sample, and that not always a large one, out of the total 
population. Even if the tetrad difference were zero in reality it is hardly 
likely that this value would be exactly realized from a sample, which 
could not be completely representative of the whole. Owing to the 
vagaries of random sampling a value, differing from zero, will be obtained, 
or if a number of abilities are measured for each individual, an average 
tetrad difference will be found. We have then to determine the prob- 
ability that such a value should arise by chance in sampling from a 
population in which the tetrad differences are in fact zero. For the case 
of the correlation coefficient r this has been done by studying the exact 
distribution in samples of this coefficient, and by providing tables show- 
ing what values of r should be reached for various levels of significance 1 . 
But the distribution of the tetrad difference has not yet been ascertained. 

1 R. A. Fisher, Statistical Methods for Research Workers , 2nd ed. Oliver and Boyd, 1928. 
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Its standard deviation, however ( i.e . the average of the squares of all the 
values of F that would be reached if the experiment were repeated a 
great many times), has been discussed. This parameter of the distribution 
indicates to some extent whether experimental results are compatible 
with the two-factor theory or not. Hitherto the standard deviation has 
only been known approximately in the form of one or two terms of an 
expansion proceeding in inverse powers of N, the number in the sample. 
But an exact formula is much to be preferred. If N is not really large 
the first term or two in an expansion will not be correct enough. A more 
serious objection is that in particular cases the early terms of a series 
may vanish, and the first term of importance may be a term neglected. 

In the process of calculating the correlation coefficient for every pair 
of abilities we require to determine the mean value of the products of 
the numerical measures of, say, the pth and gth abilities. Let us specify 
this quantity by a vq , the ‘co- variance’ (a convenient term which is used 
in this laboratory). For n abilities there are altogether \n (n + 1) values 
of a DQ , including the cases where p = q, which are the variances (cr 2 ). 
We now define a new quantity P f , the tetrad product, by the equation 

P = ^ 3^24 — %4^23 0)« 

P f is equal to F multiplied by the estimates obtained from the sample of 
the four standard deviations, and therefore vanishes with F. But where- 
as the standard deviation of F in samples is only known approximately, 
that of P' can be determined exactly. A former paper by the author 1 
dealt with the simultaneous distribution in samples of all the quantities 
like a VQ that can be formed from n variates, and provided a table of 
the moments of this distribution. That is, the mean values of the products 
of any powers of the co-variances a vq with one another were stated, as 
far as the fourth order and eight variates, and it was indicated how higher 
order results could be determined algebraically. As the tetrad product 
P' is a simple quadratic function of the a’s, the calculation of the moment 
coefficients of P* can be performed directly from the table. The first is 
the mean value of P f in many samples, while the second is the variance 
(o^ 2 ). For the details of the proof the appendix should be consulted. 
One modification of our equation (I) suggests itself before we proceed 
very far. Let x x be the deviation of the measure of ability 1 from the 
mean value for all the individuals. Similarly for Xg, 3 g, Then 

(xix*)* etc., 


1 . Biometrika, xx A, 1928, pp. 32-52. 
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where the S stands for summation over all individuals. Let us calculate, 
not P', but a quantity P, defined as follows : 

P = ^ — 1) ( N — 2) ^ ^ (^2^4) “ S (#1^4) S (^2X3)] 

(2). 

P and P' are simply related, only differing in the ratio of (N — 1) (N — 2) 
to N 2 . But the advantage of working with (2) is that the mean value of 
P in many samples is equal to the corresponding value of P (call it II) 
in the infinite population from which our sample is drawn. The other 
definition would have produced a biassed estimate of 11, which it is as 
well to avoid, especially when the number of individuals is not large. 
II is, of course, zero in the theory of two factors. By contrast with this, 
Spearman’s tetrad difference F has a more complicated distribution. 
No one yet knows what its mean value in samples is, although Pearson 
has approximated to it (appendix). 

To proceed, the standard deviation of P in samples is next obtained 
(see appendix). It is given in terms of quantities a PQ , the co- variances, 
corresponding to a V(J , in the sampled population. We have, however, no 
means of knowing what these quantities are, and must be content with 
substituting the sample values, i.e. the a’s. The error of such substitution 
is not to be taken as a special defect of the present exposition, for it 
exists in many other fields of enquiry. Our result is as follows: let us 
represent by D the determinant of the fourth order of which a VQ is the 
element in the j?th row and qt h column. If we divide this into four 
equal smaller determinants by vertical and horizontal lines, calling that 
in the top left corner D l2 and that in the bottom right corner D u , then 
the standard deviation of P, when the two-factor theory holds, is given by 

(N-2)o P ^^±~\D 12 D u -D (3). 

This expression is exact, except for the uncertainty of the assumption 
that the a’s adequately represent the a’s of the sampled population. For 
the general case where the tetrad difference is not zero we require to add 
to (3) a term equal to three times the product of the other two quadrants 
of the determinant D, i.e . the top right and bottom left. 

Now the significance of any observed value of P can be tested by 
examining the actual value reached in an experiment in the light of its 
standard deviation as given by (3). But a comparison is possible with 
data already accumulated in terms of the correlation coefficient r by 
writing 

Clpq = 
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where s„, s Q axe the standard deviations of the pth and gth abilities in 
the sample. We must assume further that o P 2 l(s 1 s 2 s 3 s 4 ) 2 may be replaced 
by Of? . If this is done we have 

(N - 2) a/ = r a *) (1 - V) - R (4), _ 

where R is the determinant of the r’s for the four abilities. If this result 
be compared with the Spearman-Holzinger approximation 1 , two changes 
will be noticed : (a) The multiplier of o F 2 is changed from N to N — 2. 
(6) The term of order 1/2V on the right-hand side is now 

as compared with the Spearman and Holzinger term 

^ [d - ri 3 2 ) 2 (1 ~ + (1 - r u 2 ) 2 (1 - r^f]. 

Both changes are in the direction of increasing the standard deviation 
of F. 

Example: Holzinger’s data (this Journal , xv, p. 18). 

This case was worked out by Pearson and Moul from the full formula 
(he. cit. pp. 272-4), every one of the 378 tetrad differences being 
calculated individually. If we take their figures and add in the sum of 
all products like (1 — r u 2 ) (1 — r^ 2 ), amounting to 6-7022, we find 

a/ - -005963, a F - -07722, 

'probable error’ of F = -05208 (5). 

On the other hand, the value given by the formula of Pearson and Moul 
was 

c t f = -07152, ‘probable error’ of F — -04824 (6). 

When we compare these values with the observed distribution of tetrad 
differences (Pearson and Moul, loc. cit. p. 280) we find 

observed o> = -07708, ‘probable error’ of F = -05199 ...(7). 
Thus the discrepancy of the observations from the two-factor theory, 
asserted to exist when (6) and (7) were compared, is seen to disappear 
when we replace (6) by (5). Again, if we obtain from (4) the analogue to 
Spearman and Holzinger’s ‘average’ formula (this Journal , xvi, p. 88) 
we find that it yields a ‘probable error’ of -05200. The extraordinarily 
close agreement with (7) may be regarded as fortuitous, but we can at 
least say that in one example we have obtained striking confirmation 
with the two-factor theory. 

1 Thia Journal, xv, 1924, p. 19. 
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It should be noted that the ‘probable error’ has its customary signi- 
ficance only when the distribution is normal. This is certainly not the 
case with the tetrad. It follows that the standard deviation, while 
useful, requires to be supplemented by additional information, and the 
need will eventually arise for a table giving the values of the tetrad for 
various probabilities of occurrence, and based on the exact distribution. 


Appendix. 


[Use will be made in what follows of the table of moments in Biometrika , xx, 1928, 
pp. 44-52.] 

Let P = &J3&24 — ®14^28> 

1 N 

where a PQ = ^ S (x p - x 9 ) (x Q - x Q ). 


Mean value of P' in samples . 

This is simply obtained by determining the difference between the 
uncorrected moments 

/*' ( ”. 1 ) and n' ( *;) , 

in the notation of the paper referred to above. The moments there given 
are about the mean of the distribution, and to obtain the uncorrected 
moments we require to make use of the relation 

Mn' = Mil + MioMoi- 

Alternatively the uncorrected moments could be obtained directly 
from differentiation of the moment generating function ( loc . tit . p. 41 ). 
In either case we find 


( .i\ N — i 

V ~ N 2 a l a * a S a A [plZpM + Plip 23 + (A ~ 1 ) P13P24] j 

. -lx Jf _ 1 

= ~jjr~ °i <r 2 cr 3 tlr « [PnP-M + P1SP24 + (N - 1 ) Pupa]- 


In these expressions the cr’s and p’s are the values in the sampled popula- 
tion. 

It follows that P\ the mean value of P' in samples, is equal to 


(N - 1 )(N- 2 ) 
N* 


CTj a 2 o* a i (PisPsi — PuPzs)’ 
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which may also be written 

~ ^ (« 13«24 - « 14 %). 

where a stands for the co-variance in the population from which the 
sample has been taken. 


Variance of P ' in samples. 

We have 

P 2 — a^a^ "h ^14^23^ ^^13^14®23^24 > 

and so for the second moment coefficient of P* we require the values of 
the uncorrected moments 





The corresponding corrected moments are found directly from the 
table (loc. cit. p. 48), and they are converted, using the relations 


/ X 22 ~ ^22 ^fhlthl "b ^PuP'IO + ^20^01 2 "b / X 02/ X 10 2 “b ^P'llPlOthil "h /^lO^Ol 2 


^mi “ thm + P'liioP'mi + Mnoi^ooio + P'iont l om + Pmnthaoo + PimPmiothwi 
~b H'loioH'om Moooi + Miooi / x oioo i^ooio ~b thm^imthmi \ P'omP'imPmo 
~b MoonMioooMoioo “b thm thioo P'ooio tMmi • 

We have in succession 

/ (":?) = ^r 1 ojV^V [(ff - 1) (i + JW) (i + 

+ 2 (p 12 2 + p 14 2 + P23 2 + P M 2 ) + 2A T (RuW + PuW) 

"b 4 N (P12P13P23 "b Pl2plip2A "b PizPuPm "b P&PmPmI 
+ 4 N 2 p ls pu (pi2pu “b P14P23) b 4 ( 2 V + 2 ) Pi 2 / ? 14 / ) 23 p 34 ] 

( 8 ). 

/a' ^ •*; j is similar, (9), 


and is obtained from (8) by interchanging the suffixes 3 and 4. 

■ ('•“) = ^T 1 "iSW [1 + N (p 12 2 + p 13 2 + p 14 2 + Pxs 2 + P M 2 + P84 2 ) 




+ + 2) Pi2 2 P34 2 + ^ 2 {plzPu + Pllp2S?) 

+ ( N 2 + N + 2) (puPisPw + PuPuPu + Pu&PuPzt + P&PuPm) 
+ (^ a + 52V + 2) p 12 p34 (pizPu +PuPm) 

+ 2V (2V 2 + 2V + 2)p li p li p 2 3PaJ (10). 
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Adding ( 8 ) and (9) and subtracting twice ( 10 ) we get for the uncorrected 
second moment of P f the expression 


tiin- 


(N — 1 ) (A^ — 2 ) 
N* 


OiWvzW [ 2 ( 1 - P12 2 ) (1 - Pm 2 ) 


+ {N — 1) {Pi3 2 + Pi 4 2 + P23 2 + Pm 

~ 2 {pi2Pl3p23 + Pl2Pup2i + PlZplApM + P&PuPm) 

4 2p 12 pjj4 (p 13^24 4 Pup2z) 4 F (Px3P24 ” PuPw) 2 }] • 

Finally we have 

in in - /V in - {mi' (^')} 2 - p*2 in - (n 2 , 

giving variance of P' in samples = o P « 2 
(jV — 1 ) (iV ~ 2 ) 


N 4 


C7 1 Va 3 V[2(l-p 12 2 )(l~P34 2 ) 


+ (2V ~ 1) {p 13 2 4 p I4 2 + P23 2 4 P24 2 
” 2 (P 12 P 13 P 23 4 P 12 P 14 P 24 4 PisPuPm 4 P 23 P 24 P 34 ) 
4 -Pl'ipM (P 13 P 24 4 PuPm) 4 2 (pnP'lA — Pup23,) 2 \] 


(11). 


If now we alter our definition 1 , as explained on p. 182, so that 


P - - 


1 


(N — l)(N — 2) L x 


’V _ N 

S (Xj &’i) (x 3 x 3 ) S (x 2 x 2 ) (*^4 ^ 4 ) 


N _ JV ^ ■ 

18 (Xj — Xj) (x 4 — x 4 ) S (x 2 — x 2 ) (X 3 — x 3 ) 
1 1 
p = n. 


we have, simply, 

[Compare with Pearson and Moul, be. cit. p. 249, who gave 

^ - ^ , approximately.] 

Also we have for the variance of P 




1 + 


/T '-/T “/T ^ 

2 a l g 2 °3 a 4 


Pis 2 + Pu + Pn + Pa 2 


N- 2 

~ “ (Pl 2 pl 3 P %3 + PliPuPlA + Pv.PliP'M + PzzP'IIPm} 
+ ~pviPn {PxsPiA + P14P23) + ^ (Pi3P‘2i PnPzi)~ 


+ 


N 


^ l (l-p 1 2*)(l~p M i ) 


■m 


which may be written 


N + 1 


(N — 2) <Tp 2 — | ffxi® 22 1 1 QhaGu I "b ^ | | 2 A 

where A is the determinant | a„<, | p, ? = 1, 2 , 3, 4. 


(12 a), 


1 This is equivalent, in uni-variate problems, to defining the sampling variance as 
JL S (x- x) 2 , in order to ensure that the mean value of this quantity in samples shall 

" - 1 i 

be equal to the variance (a 2 ) of the sampled population. 
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If the tetrad is zero in the sampled population the second term 
vanishes and we get equation (3), which may also be written, in terms of p 


a x 2 a 2 2 cr 3 2 (T A 2 N — 1 


(l-p 12 2 )(l -f* 2 )-*'. 


(12 6 ), 


where R ' is the determinant 

| PpQ I 9 P> 9 ” 1» 2, 3, 4. 

This leads to equation (4) of text. 

One further result should be put on record here. The mean value in 
samples of the determinant D (see p. 182) is equal to 

(iV-l)(iV-2)(iV-3) (N- 4) A 

.... ^ a, 

and, more generally, to 

(tf-l)(tf-2) ...(N-p) 

" N* 


for a determinant of the pth order, or any minor of this order from a 
larger determinant. This is the first step in the determination of the 
probable error of a p 2 . 


(Manuscript received 11 April, 1928.) 
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On the Frequency Distribution of any Number of Deviates 
from the Mean of a Sample from a Normal Population 
and the Partial Correlations between them. 

By J. O. Irwin, M.A., M.Sc. (Rothamsted Experimental 

Station). 

Let x ly x 2 , x u be a set of sample values from a normal 

population whose mean is m and standard deviation ct, the prob- 
ability of obtaining such a sample is 

Ce 2 dx 1 dx 2 dx n . . . (1) 


Since S(x r — m) 2 = S(x r — x) 2 -f- n(x — m) 2 

we may write (1) 

1 S(3V— .r)“ 

Ce e~v dx x dx 2 dx n . . (2) 


Let us now transform (2) by writing 

x t = x + Xj 
x 2 = x + X 2 

• * • • • (d) 

Xn-l — X -\- X*_l 

= 2 ? ~f" X M = ./■ X^ X 2 X n __i 

The expression (2) becomes 

( 7 c- my 1 J 1 X r « J (X, ix,{ f 

C'e n 2a* dxe 2 l r U ' « a ~ JdXjdXg d¥L fl - 1 

. . (4) 


Now Xj, X 2 X„ 1 are independent and are the deviations 

of (n — 1) of the sample observations from the sample mean. 

From (4) it follows that their joint distribution is 


C'e 7 x -‘ ,x ’ a 1 tX ’— s, . r _f_ I x ' x ’yX 1 rfX 2 dXn-i. 

By writing this 

-i X„- 2 )J' I- “l 2 X,X,-)(X, i +X.-S,)*} 

dX x dX t . . . dX„-i 
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and by integrating out for X n -i we find for the simultaneous dis- 
tribution of X 1} Xjj X w _u 

const. dX„ , . (5) 

The process may easily be generalized so as to obtain the joint dis- 
tribution of Xj, X 2 , X n r 

For if we consider the distribution 

const. 1 *• +X ~A ' dX „. , 

the elimination of X w 1 gives for the distribution of the remainder 

const. e -i.K(x,*+ ifr/r x,x, )rfXi rfX„_v 

V 


where 

tt '2 

whence in general 

o r ^ a r i 


V 

4a, 


— &i 


2a, 


ll 

4a r -i 

or a T — ‘>b r — dr 1 — ibr-1 = . . 

Now in this case a 1 — 6, = 1 . 


b r — - b T ~ i 


b r - 1 2 


2i(i r - 1 

= a, — J6 X . 


Thus 


Thus 


a r — i(6, + 1) 


6 r — &r-l — 


6 ,-+ 


6,-1 


1 


+ i 6,-i+ r 


i , . i , , i 

= 1 + r -=r - 1 + 1 . 


6 , 


or 


br I 

6,= i 

r 


r+l 

2 r 


(6) 


So the elimination of X w r .i, X„ 1 leaves for the joint 

distribution of X 1? X 2 , X w .. r 

Ke >{-*>•• » x -'*> ‘ dX„. r (7) 

This is the joint distribution of any (n — r) deviates from the mean 
of the sample. 

As particular cases we have for the joint distribution of Xj and 

X* 

const. e~Ma+~V X ‘’ +X,,)+ »h x,x *}</X 1 dX 2 . . (8) 

and for the distribution of X x 


nX , 5 


const, e 2 ( w-ivdX* 


• (9) 
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(9) is a classical result and (8) has been given by R. A. Fisher** 
and the well-known results 


c Xu == a Xl = 
r XuXv = r XiX, = 


(n- l)cr 
n 

1 

w — 1 


( 10 ) 


are at once deduced. 

From (7) we may deduce the partial correlation between any 
two deviates when n — r — 2 of the remaining n — 2 are kept 
constant. 

For the general normal surface for n — r variables X x , X 2 
X„ - r referred to their means as origin is given by 


Z = ZiqG | <fj a 


n — r 

- I duv 

U.V 1 


XuXr 

iTjiflf 


} 


( 11 ) 


where 


Z n - 


1 

( \Z2ti)" r 0 1 CT 2 (Jw- rV A 

1 r 12 r i,«— r 

*21 1 r i *»— r 

■ r, 1 ** /{ - _ , 'J 1 


r ur is t he correlation between X a and X, and A ut . is the prepared 
minor of r uv in A. 

By comparison with (7) we have 


or 


A,, _ = r + 1 

2Aa* 2 2/a 2 

&ur 1 

A a tt a„ ra 2 

A.v.v __ (r + l)(n - 1) 
A nr 

A w/ , //- — 1 

A v/r 


( 12 ) 


But the partial correlation between X tt and X r , the remaining 
n — r — 2 deviates being constant, is given by 


9ar. U 


(u-r) 


‘-*un 

V A uu A i;i , 


^ ence 12 («-o — ~~ ( r _|_ iy 

* H. A. Fisher, Monthly Notices of the Royal Astronomical Society , Vol, 
LXXX, No. 8, p. 761. 
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If we take r — 0 we obtain 

puv. 12 (//) “ — 1 

or the correlation between two deviates when all the remaining 
deviates are kept constant is negative and perfect, as is otherwise 
evident. 

The discussion may be completed by determining the constant 
K in (7). 

We have 


(V2n) n G„~ r V A 


where 









u 3 u 2 




V n 

an 

d A 

is the n — r th 

order determinant 




1 

1 


1 

1 


rc — 1 

n 

- 1 * 

n — I 


1 

1 

1 


1 


n — 1 

n — 

1 * * 

n — 1 


1 

1 


1 

1 


n — 1 

n — i 

n 

- i 


Now it is easily shown that the 

n th order determinant 


1 

£ e 

£ . . 

. . e 




e 

1 e 

e . . 

. . e 




e 

e 1 

e . . 

. . s 

= (i 

— e)'* *(1 + n — 



e £ 

e . . 

. . 1 




Henco A = (l + M ! T )" ' ‘ ( ] ~ 

and = y 1 V w -r ,, r = V^°'“ 

and K = -, 1 J* 

(V / 2to)’*-'-V r - 
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Summary • 

(1) The joint frequency distribution of any (n — r) deviates from 
the mean of a sample from a normal population is given by 

Jf— . 1 / w „- i ,( r £W+ • • • +X»-r*)+i "if M»}jv JV 

y ~ ( V2rto)«-'V r 1 “■ »-» -* rfX l • • • • 


(2) The partial correlation coefficient between any two of these 
(n — r) deviates, the remaining (n — r — 2) being kept constant, 


is — 


1 

(r +T Y 





NOTE ON THE x 2 TEST FOE GOODNESS 

OF FIT 



[Reprinted from the Jotonal of vm . Rovai* ' 4oi^m^i 

Vol. XOII, Part II, 1929.] 



Note on the x 2 Test for Goodness of Fit. 

By J. 0. Irwin, M.A., M.Sc. 

(Rothamsted Experimental Station.) 

Suppose we have a set of observed frequencies n v n 2 . . . n 8 (total N) 
and that by some process we have fitted a curve to them, the 
“ theoretical ” frequencies being m l9 m 2 . . . m s (total N)> and that 
we wish to test for goodness of fit. There are two alternative 
hypotheses which we may regard ourselves as testing. 

I. We may suppose that we have a hypothetically infinite 
population in which the proportional frequencies in the s categories 
are p v p 2 . . . p s 

where p r = 


and that samples of N are drawn at random from this population, 
and that for each sample 


f (m r — »r) a \ 


is calculated. 


Here m v m 2 . . . m s are taken as the population values and are 
therefore supposed to be invariable from sample to sample. In this 
case it may be shown that the distribution of x 2 is 

C(x 2 pVi*^x 2 . 


This is the Classical Pearsonian Method. 

II. We may suppose our proportional frequencies in the popula- 
tion to be ^ 2 , . . . ^ where we do not know the values of the 

M’s, and that samples of N are drawn at random from it, and that 
from the observed frequencies n lf n 2 in each sample a set of 

theoretical frequencies m x f y m 2 . . . m/ are estimated by the same 
process as is adopted in the actually observed sample, and that for 
each sample 

X 2 == \ is calculated. 

I m r J 


Here m x , m 2 ' . . . m/ vary from sample to sample, and in the 
observed sample m/ = m r . 

In this case the distribution of x 2 will depend on the process of 
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fitting employed; if four moments are used in fitting, then it may 
be shown that the distribution of x 2 is 

C{y?T^e-lx'd x \ 

provided the statistical estimates used are efficient. 

The two results differ because we are calculating the frequency 
distributions of two different quantities, and it is not a question for 
mathematics alone to determine which method is the more reasonable. 

The writer favours the second method, first, because it dispenses 
with the somewhat arbitrary assumption of a particular population 

from which to test divergence — a population which 

naturally is not quite coincident with the true population ; secondly, 
because it assumes that yf is calculated from each sample by the 
method actually used in the observed sample and makes no arbitrary 
assumption about the population frequencies at all. Of course we 
are at liberty to test divergence from any population we please, and 
in particular from one in which the proportional frequencies are 

y ♦ Y . . . y ; it is only a question whether it is appropriate to 

do so. It seems to the writer inappropriate because, if we do so, we 
are selecting a population, from which to test, which is biassed in 
the direction of the observed sample, and the resulting value of x 2 
is consequently too small or we exaggerate the probability that the 
sample was drawn from the population. The reader can realize this 
very easily if he remembers that, if we had chosen a curve for fitting 
with enough disposable constants in it, every m could have been 
made equal to the corresponding n, and y} would then have been zero. 

Experimental evidence is not in itself conclusive, as an experiment 
may be designed to test either hypothesis. For example, if we tossed 
io pennies ioo times and recorded the frequencies of o, r, 2 . . . 10 
heads and repeated the process a large number of times, say 1,000, 
if we calculated our theoretical frequencies from the binomial 
ioo(£ -f- £) 10 in each case, then we should verify that x 2 was dis- 
tributed as 

C(y*)~s\~Wd X \ 

s being in this case n. 

But if we assume our binomial to be 100 (p + q) 10 and estimate 
p (and q) separately for each sample by the usual method of equating 
the mean of the sample to the corresponding quantity in the 
binomial, subsequently calculating the theoretical frequencies from 
the values of p and q so determined, and finally calculate x a fur each 
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sample, using these “ theoretical frequencies/’ then we should verify 
that x 2 was distributed as 

C(x 2 r*Vi**<* x 2 . 

The reviewer of Mr. Fry’s Probability * in the Journal of the Royal 
Statistical Society remarks that methods of fitting may be adopted for 
which we should not know the distribution of x 2 on the second hypo- 
thesis. The writer agrees that such methods may be adopted, but 
thinks they do not test any interesting hypothesis. For example, 
to take the reviewer’s case, by applying the goodness of fit test to a 
curve drawn by eye by an expert draughtsman we can only test the 
ingenuity of the draughtsman in making the frequencies of the fitted 
curve agree as nearly as possible with those of the histogram. 

In any case the existence of such methods is no argument for not 
using hypothesis II whenever possible, as it is the least artificial one 
that can be made. It must, however, always be borne in mind that 
mathematics alone cannot decide the question. Only when we have 
decided the precise question we wish to ask will mathematics provide 
the answer. 

These remarks have been made after a careful perusal of the 
available literature on both sides of the question, and it is hoped 
they may be of use to readers of the Journal of the Royal Statistical 
Society . 

* Vol. XOI, Part IV., 1928. 
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IFrom the Quarterly Journal of this Royal Meteorological Society. 

Vol. LIV. No. 227. July, 1928.] 

A STATISTICAL ANALYSIS OF THE DAILY OBSERVA- 
TIONS OF THE MAXIMUM AND MINIMUM 
THERMOMETERS AT ROTHAMSTED. 

By T. N. HOBLYN, F.R.Mct.Soc. 

[Manusrript received September 21, 1927 — Read April 18, 1928.] 

The meteorological records at Rothamsted Experimental 
Station are possibly among the oldest in this country, accurate 
observations having now been taken for very nearly fifty years. 
Over this period a vast quantity of data has been accumulated, 
and it has been the task of the Statistical Department to sort out 
and make use of this somewhat unwieldy material. 

The records of rainfall and sunshine have already been dealt 
with, and it has been the privilege of the present writer, during 
his stay at Rothamsted, to investigate those relating to maximum 
and minimum temperature. 

These records go back to September 1878, and consist of 
daily readings of the maximum and minimum thermometers in 
•degrees Fahrenheit over this period. 

Object of investigation. 

Temperature is a very important factor in the life of an agri- 
cultural crop, for although in this country it may not be the most 
important factor, except in extreme cases, in any particular season 
a departure from the normal behaviour of the temperature may 
influence a crop materially. Thus, in May the occurrence of frosts 
is not normal at this station ; frosts, however, do occur, and when 
they do, as they did this year, the damage to the blossoms of fruit 
trees mav be of considerable economic importance. 

It was therefore considered necessary, before considering the 
influence of the variations of temperature on any particular agri- 
cultural or horticultural crop, to determine the normal behaviour 
•of temperature in this district. W ith the large number of observa- 
tions to be considered, it scented possible to determine not only 
the actual mean temperature at any one time of year, but also 
the degree to which that temperature might be expected to vary 
from the normal at that season and its influence on any crop under 
consideration. 

At the same time it was recognized that the daily temperature 
records at meteorological stations could not readily be utilized 
without a comprehensive reduction of the data which would bring 
out the salient characteristics of the temperature experienced in 
that district. 

The method utilized by the writer is therefore given in some 
•detail in the hope that other stations may adopt some similar 
method to analyze their existing temperature records. In the 
future a repetition of this somewhat laborious process can be 
avoided by carrying out this reduction as a routine when the 
monthly summaries are prepared. If this is done, the investigator 
will be able to ascertain at a glance whether any important 
departure from the normal incidence of temperature in his district 
is evident during the period in which he is interested, without the 
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lass of time entailed by a detailed statistical analysis of the tem- 
perature records. 

Method of approach. 

The first step in this investigation was to put the data into 
such a form that it could be easily handled. It was considered 
that the smallest unit which could be conveniently dealt with was 
one calendar month, and accordingly for each month five statistics 
were obtained. 

These were (i) and (2) the mean of the daily maximum and 
minimum temperatures, (3) and (4) the variances or mean square 
deviations of the above, (5) the product moment of the two. 

Numbers (1) and (2) have always been found and are naturally 
essential to any picture of the temperature during the month. 

The “ variance ” is simply the mean of the squared deviations 
from the mean monthly temperature. It represents the amount 
of variation in the subject under consideration during that period. 
From it the standard deviation and the standard error of the mean 
can be directly calculated. 

The product moment represents the association between the 
two measures. It is the mean of the products of deviations of 
any pair of observations from their means. From it, in con- 
junction with the two variances, can be calculated the coefficient 
of correlation and any further statistics which may be required. 

Let x iy * 2 , . . ., x n and y iy y 2 . . ., y„ represent corresponding 
observations of the maximum and minimum temperatures for any 
one month. 

T hen, the monthly mean = x= i x J.. and v= 

n n 


Variance = cr x 2 = 


*S x z x )l 

n — 1 


and <r y 2 = 


s J_y-; y ) 2 

n — 1 


Product Moment = 


S (x-x) (y~y) 

n — 1 


Thence Standard Error of Mean = - x _ and 

kj n s! n 

, , . r , . Product Moment 

and the coefficient of correlation r— — — 

<r x (T y 

The following method was used in order to obtain the above 
statistics, and to shorten the work, one degree Fahrenheit was 
selected as a suitable group interval. 

Table I. demonstrates how the data was set out. This table 
shows in a grouped form the observations of maximum temperature 
for the year September 1886 to August 1887 inclusive. Column 1 
gives the complete range of temperature during the year in degrees 
Fahrenheit. Columns 2 to 13 show the frequency with which each 
temperature occurred. The original readings were taken to one 
place of decimals. For example, in September there was one day 
on which the maximum temperature was between S 3 °- 9 S F. and 
54 0 . 95 F., one day on which it was between 54°.95 F. and 55°.95 F 
and so on. From these tables the mean and variance for each 



185 


HOBLYN— DAILY TEMPERATURES AT ROTHAMSTED 

TABLE I. — Frequency of Maximum Temperatures. September 188G 
to August 1887. 


• F. 

Sept. 

Oct. 

Nov. 

Dec. 

Jan. 

29 




1 


30 





2 

3i 




1 

1 

32 





1 

33 




i 

2 

34 




2 

2 

35 




1 

2 

3 b 




2 

1 

37 

3* 




2 

4 

1 

39 




1 

2 

40 




<> 

2 

41 





I 

4- 




2 

I 

43 




2 

I 

44 

- 


I 

2 


45 



9 

3 

I 

4 f) 





1 

47 


1 

5 


2 

4S 






49 


2 

4 

1 

3 

5° 

5i 


J 

1 

1 

1 

... 

52 


2 

3 


... 

53 


2 

3 


... 

54 

1 

3 

1 


... 

55 

1 

1 




5 f) 


3 




57 

1 

3 

1 



5* 


1 




59 

1 1 

4 


1 

i 


60 j 

4 

1 


1 


61 

1 1 



• • 1 


62 

2 

1 




6 3 

94 

2 

1 

1 


■ • I 


6 5 

2 

1 


! ... 


1 66 

2 

1 




! 6 7 

2 





68 

2 





69 

l 





70 

3 





7i 






72 






73 

1 





74 






75 

2 





76 


3 




77 






78 






79 






80 

1 





81 






82 






83 






84 






85 






86 






Mean 

65.58 

58-52 

00 1 
00 I 

41*29 

39*64 

Variance 

38-97 

54-3° 

1 1 *37 

33*15 

3601 




MAXIMUM TEMPERATURE 
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month may be worked out in the ordinary way, Sheppard’s cor- 
rection for grouping being used. Actually, it was not necessary 
to work out the variance every time, only the sum of the squared 
deviations from the mean being necessary for the final estimate of 
the normal monthly variance over a number of years. A similar 
method was used to find the variance of the minimum temperatures. 

The product moment is found from a diagram of the type 
of Fig. i. In this case the maximum temperature is plotted against 


JUNE 1887. 
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the minimum and from these the product terms (x — x) (y — y) may 
easily be read off and summed. 

Diagrams of this kind also provide a very good picture of 
the type of weather prevalent during the month. The one selected 
shows a typical summer month. This particular June it will be 
noted was much more variable in its maximum temperature than 
in its minimum and the correlation was low, the points being 
scattered round the means, with no very apparent connection 
between them. 

Such a diagram for January, however, would have shown that 
the minimum temperature was more variable than the maximum ; 
but that there was a much greater tendency for a high maximum 
temperature to be accompanied by a high minimum. 

Note. — Another and perhaps shorter method of finding the above constants, 
where t lie data are not grouped, may be used where a calculating machine is 
available. In this method the following formulae are made use of : 

S (x - x) 2 ^ S (x 2 ) - x . S (x) 
s ( y -y) 2 ^= S (y 2 ) -y . S (y) 

S(x-x) (y-y) ^S(xy) -x . S(y) 

It will be recognised that the reduction of the data to the above 
constants gives an excellent summary of each month’s temperature, 
and is a good basis for further analysis of the data to be made, 
and it would be an exceedingly useful addition to meteorological 
records, if the variance and product moment could be added to the 
means when monthly summaries are being prepared. 

The above methods enable the amount of variation from day 
to day within each month in any one year to be determined, and 
from this can be found the average variance of a month from day 
to day over a number of years. 

When, however, the behaviour of, for example, October as a 
whole is to be considered, there is another source of variation, 
that from year to year, to be taken into account. If this be found, 
then, not only can the normal behaviour of October from day to day 
within a year be examined, but also it can be seen whether as a 
rule one October differs from another or not. It may also be under- 
stood that not only are maximum and minimum temperatures 
correlated from day to day in any October, but also, that from 
October to October there is a correlation between the maximum 
and minimum temperatures which is independent of the day to day 
correlation. 

Thus, it is apparent that when the forty-nine Octobers are 
considered together, there is a total variance and a total corre- 
lation which is made up of two parts, that due to variation between 
days of individual months (the “ within-month ” variance) and that 
due to variation of the same month in different years or the 
between-month ” variance. 

Analysis of variance. 

The method used to determine this “ between-month 
variance and correlation was that of the Analysis of Variance as 
developed by R. A. Fisher (see ‘ ‘ Statistical Methods for Research 
Workers,” by R. A. Fisher. Oliver and Boyd). 
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It has already been seen how the daily variation within months 
has been worked out. That between months was obtained by 
finding* the sum of squares of deviations of each October day in 
the 48 years from the general mean of all the October days, and 
subtracting therefrom the sum of squares of deviations of October 
days from the mean of their month as found above. This will give 
thirty-one times the sum of squares of each October mean from 
the general mean and this divided by forty-eight will give thirty- 
one times the between-year variance. 

The process is better set forth as follows : — 

Let (x x x 2 . . . x k ) be the readings of maximum temperature in 
any month of k days, and (y x y 2 . . . y k ) be the corresponding 
minimum temperatures. 

Then 



and y v — 


sjyj 

k 


are the means for that month. 


There are (fc — 1) degrees of freedom in the month, i.e., in a 
month of k days, if the mean is already known, it is still possible 
to alter (fe — 1) observations arbitrarily without affecting the mean. 
Thus the variances will be : — 


and 

k — I k — 1 

and the product moment will be 

S (* - x p ) ( y - y p ) 
h — 1 

If now there are n years, and x be the general mean, 

kn n n k 

s (X -x ) 2 = k S (A- p - xf + S S (x - x t ) t 

l 1 11 

This relationship may be presented in the form of a table .* — 


TABLE II. 



Degrees of 
Freedom. 

Sum of Squares 
of Deviations. 

Sum of 
Products. 

Within months - 

Between months- 

1 

(lc — ] )n 

n — 1 

kn 

S (x - x„) a 

1 

kS(x —x) s 

1 

kn 

5 (*-*») (y-y'p) 

n 

hS(x B -x) {y 9 -y) 

Total 

nk — 1 

kn 

S (*-"*)* 

kn 

S(x-x) (y-y) 



1 



Thence by dividing the sums of squares by the degrees of 
freedom the variance and, in a like way z the product moments can 
be deduced. (It may be observed that since k may vary from month 
to month, the absence of any reading does not affect the result.) 



TABLE nr. — Correlation between Maximum and Minimum Temperatures. October, 1878-1926, 

Maximum Temperature. ®F. 
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The total variances and product moment were worked out 
directly from the grouped data. The general mean and variance 
was worked out in the ordinary way, and in order to find the sum 
of the products, a correlation table was prepared for each month 
setting forth the whole fifteen hundred pairs of observations for each 
day. Such a table for October is shown (Table III.). 

These tables are themselves interesting and in spite of the 
labour of construction are well worth preparing. In addition to 
the information required above, a large amount of information as 
to the frequency of occurrence of different combinations of tempera* 
ture can be read off directly from the table. 

The analysis for the month of October is given below: — 


TABLE IV. — Analysis of Variance, October 1878-1926 (inclusive). 
Maximum and Minimum Temperatures. 


(“) 

Degrees of 
Freedom. 

Sum of Squares of Deviations. 

Sum of 

Maximum. 

Minimum. 

Products. 

Within the month - 

1466 

40001 

60668 

26698 

Between months 

48 

11505 

11863 

9067 

Total - - 

1514 

51506 

72531 

1 35765 


( b ) 

| Variance of : i 

Product 

Maximum. 

Minimum. 

Moment. 

Within the month - 1 

27.3 

41.4 

18.2 

Between months 

239.7 

247.1 

188.9 

Total - - - 

34.0 

47.9 

23.6 


From (b) can be directly calculated the coefficient of correlation. 
Within the month . .. ... +.542 

Between months ... ... ... -f .776 

Total ... ... ... ... +*585 

In a similar way looking at the data from another point of 
view the variances and product moments for the daily mean of 
the maximum and minimum temperatures and the daily range were 
worked out. The resulting variances and correlation coefficients 
are shown in Table V. 

TABLE V. — Analysis of Variance. October 1878-1926 (inclusive). 

Daily Mean of Maximum and Minimum Temperatures and Daily Range. 



Variance 

of: 

Product 


Mean. 

Range. 

Moment. 

Within the month - 

26.27 


32.25 

-7.04 

Between months 

216.16 


109.02 

-3.73 

Total - - - 

32.29 


34.68 

-6.94 
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Correlation Coefficient. 

Within the month ... ... —.242 

Between months ... ... ... —.024 

Total ... ... ... ... —.207 

From the above estimates of the variance of the daily readings 
about the monthly mean and k times the variance of the monthly 
means about the general mean, the significance of the between- 
month variance can be tested. That is to say, it is possible to 
determine whether there is any significant variation in the tempera- 
ture of a month from year to year, or whether such variation is 
only such as might be attained by a process of random sampling. 
This is carried out by making a test of significance between the 
two variances, by the method laid down by R. A. Fisher. 

If z is equal to half the difference of the natural logarithms 
of the variances, then the standard error of z is the square 
root of half the sum of the reciprocals of the degrees of freedom 

'■= V s (»' + »',-)• ™‘ simple method of finding cr at while not 

strictly accurate, slightly overestimates the standard error, so that 
in this case, where the difference is always very significant, no 
information is lost. 

As an example the significance of the difference between the 
within-month and betvveen-month variances of the maximum 
temperatures for October is calculated in Table VI. 


TABLE YL — Calculation of Significance of the Difference between the 


** Within-Montii " and 44 Betvveen-Montii " Variances. 


Maximum 

Temperatures. October, 

1878-1926. 



Decrees of 
Freedom. 

Variance. 

1 iogocr 2 

i (l/«) 

Within months - 
1 Between months - ) 

; : 

146ft 

48 

27.29 

239.68 

1 .6533 
2.7397 

.00035 

.01042 


, V4f . (, Qr4 Sum = .010// 

Dillerence = 1.0864 

<r^— .10875 


For the difference to be significant 2: should be about 1.65 
times its standard error so that in this case the difference is very 
significant. In other words, Octobers really do differ significantly 
in their maximum temperatures. 

'Fable VII. shows 2 and its standard error for the four 
measures of temperature under consideration for each month. It 
will be noticed that although the betvveen-month variance is always 
significantly different from that within months, 2? is much 
greater in some months than in others. 

For example, the maximum temperatures in one May tend to 
be much more like those in other Mays than those in January, 
which tend to vary greatly from year to year. Again, there is 
much more variation in the minimum temperatures from January 
to January than there is from June to June. The maximum tem- 
perature is always more variable from year to year than the 
minimum. 



TABLE VII. — The Significance of the “ Between-Month ” Variance 
Rothamsted 1878 - 1926 . 
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The range is much less variable than the other measures. 
Indeed in one month, November, it is only just significant. It 
is, on the other hand, an interesting fact that the range should be 
significantly variable between months at all. 

Examination of results in detail. 

Having examined the significance of the year-to-year variance 
the actual results may be examined in detail, the day-to-dav varia- 
tion being considered separately from that between months. 
Fig. 2 shows the actual mean monthly temperatures over the 


Monthly “Tempera fur** *r CoCham*Cd , 4 1878 £5 1926. 



whole period. The maximum and minimum are shown and the 
mean of the two. Below is shown the range. 

The most interesting part of this diagram is the last. It is 
curious to note that whereas in summer the range is high, as might 
be expected, it is comparatively small in the winter; the tendency 
is apparently for a fall in night temperature (represented by the 
minimum) in winter, to be accompanied by a similar fall in the 
day (represented by the maximum). In the summer (and particu- 
larly in May), on the other hand, a rise in the maximum temperature 
does not mean necessarily a similar rise at night. This is very 
fully borne out by the diagrams to be presented dealing with the 
variance and correlations between the two measures. 

Table VIII. shows the variances and coefficients of correlation 
from day to day within months for the maximum and minimum 
temperatures, the mean of the two, and the range between the two. 

To the logarithms of these values smooth curves have been 
fitted and these are shown in Figs. 3 to 6. The advantages of 
using the logarithms are twofold. 

In the first place a common standard error can be found for 
each curve, which is independent of the variance itself and thus the 
significance of any difference can be seen at once. Also, differences 
between the lower values of the variance are exaggerated and 
between the higher values lessened, this giving a truer picture of 
the state of affairs. 
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If z is taken equal to half of the difference of the common 
logarithms as before, then since in this case common logarithms 
are used, the standard error of z must be multiplied by .4343, or, 

cr a ==.4343^^~ 4- ~ In the cases dealt with a common 

cr a for each curve has been worked out based on the mean number 
of degrees of freedom. The loss of accuracy is small. 

In the case of the correlation the statistic 2 is used in 
preference to the correlation coefficient r. In this case, 

* = i { iog'e (1 +r)-log e (1 -r) } 

This serves to exaggerate the differences between higher values 
of r while leaving the lower values practically unchanged. 
Again a constant standard error wholly independent of r may 
be used : — 

°~ I ~ *J n — 3 

Variance from day to day within months. 

Fig. 3 shows the variance of the maximum and minimum 
temperatures from day to day within the month. 

In the case of the maximum temperatures the period of greatest 
variation is during the spring and early summer months. The 
most even months are August, September and October, after which 
there is a gradual rise in variance through the winter. The ten- 
dency here then is for the maximum temperature to vary very 
considerably from day to day in any one year in the spring and to 
be most even during the early autumn. The winter months are 
intermediate. The minimum temperature is exceptionally even 
during the summer months, and this influence will be seen to be of 
very considerable moment in the relationships to be discussed. 
October, November and December are all very variable in their 
minimum temperatures. After this there is a tendency for these 
temperatures to become more even again, broken only by a rather 
high variation in May, probably due to the possibility of late frosts 
occurring in the beginning of the month, together with warm nights 
towards the end. It may be noted here that a portion of this high 
variation, both in maximum and minimum temperature, during May 
is due to the natural rate of increase during the month; this factor, 
however, has really a comparatively small effect on the total 
variance for the month. 
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September behaves in a similar way to May in the minimum 
temperatures, but the effect is not felt in the maximum. 

The variance of the mean of the two measures and that of the 
range from day to day is shown in Fig. 4. At first sight 
that for the mean apparently follows the curve for the minimum 
temperature very closely although it is always lower. Indeed, in 
the winter months where the maximum temperature is relatively 
constant, the minimum is the controlling factor in the variation of 
the mean and this is continued until May. In May both maximum 
and minimum are very variable and a very big rise in the variance, 
which is not brought out by the curve, results in the mean. After 
May both curves tend to fall, that for the maximum being rather 
less steep; here the mean is intermediate in slope, though of course 
less in magnitude than either. In the autumn while both rise, the 
minimum again seems to have the greater influence on the mean. 
This curve serves to show that, at any rate in winter, the mean 
is a somewhat unsatisfactory measure of the variation in daily 
temperature. 

The range, it will be remembered, is highest in the late spring 
and summer and lowest in the winter. Its variance seems to follow 
this curve very closely and to have little relation to that of the 
maximum and minimum temperatures. The only real divergence is 
in September, when, probably, owing to the occasional occurrence 
of high day temperatures in the same twenty-four hours as cold 
nights, the variation is high. 

Correlations prom day to day. 

The correlation between maximum and minimum (Fig. 5) 
emphasizes some of the points already raised. It is, it will be 
noticed, always positive, but high in the winter and low in summer. 
May, with its exceptionally high variation, causes a secondary peak 
in the curve. In winter the tendency is for cold nights to be 
accompanied by cold days, but this tendency decreases in the spring. 
In the summer, however, the minimum is, as has been seen, 
exceptionally invariable and the tendency is for a hot summer day 
to have but little impression on the temperature at night. It may 
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be observed that the occurrence of a minimum temperature over 
6o°F. is very rare at this station. During the whole forty-eight 
years there have been only 37 occasions when this has happened, 
while the maximum temperature has been over 8o°F. 163 times. 
On the other hand, during June, July and August forty per cent, 
of the minimum readings have been between 49°F. and 53°F. 

The curve (Fig. 6) showing the correlation between the daily 
mean and the daily range is amazingly regular. 

In the winter the lower the mean temperature the wider is the 
range. In the summer, on the other hand, the correlation between 
the two is positive. This is closely connected with the fact that in 
the winter the minimum temperature is more variable than the 
maximum ; that is to say, although a fall in the day temperature 
generally accompanies a big drop during the night, the day decrease 
is not nearly so great. 

In the summer the position is reversed, since, as has been 
shown, a very hot day is not necessarily accompanied by a more 
than ordinarily warm night. 

In the spring and autumn the correlation between the mean and 
the range is barely significant. 

Variation of months from year to year. 

The variance and correlations of the above measures from year 
to year are shown in Table IX. 

To these also, curves have been fitted and are shown in 
Figs. 7 to 10. In considering these curves it must be remem- 
bered that, while the within-ycar variances were based on 
between fourteen and fifteen hundred days, those between years are 
only based on forty-seven or forty-eight years. Differences in order 
to be significant, have to be considerably larger in consequence than 
in the former case. 

The variance curves for the maximum and minimum are of 
great interest (Fig. 7). It will be noticed that the maximum 
temperature is always very variable from year to year. Curiously 
enough, however, the spring and autumn months, w r hich are most 
variable from day to day are distinctly less variable than the winter 






TABLE IX. —Monthly Variances of and Correlations between Maximum and Minimum Temperatures from Year to Year. 
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and summer months. If May and July are compared it will be 
seen that, whereas May if compared with July is an exceedingly 
variable month from day to day, the mean maximum temperature 
is much less variable from year to year. July, on the other hand, 
seems to be much more even than May from day to day, but con- 
siderably more variable from year to year. 

Again, December tends to be a warm month or a cold month, 
but not to vary much within the month. 

We have seen that the minimum temperature varies little from 
day to day in the summer. This is also apparent from year to year. 
It does not seem to matter what happens to the day temperature, 
not only in any one summer, but every summer, the night tempera- 
ture is not appreciably affected. 

In the winter, on the other hand, there is not only a high varia- 
tion from day to day in the minimum, but also from year to year. 

Since maximum and minimum temperatures are highly corre- 
lated in winter and are both very variable, the mean (Fig. 8), 
naturally, is also very variable from year to year, giving probably a 
very fair estimate of the temperature at this time. 

In the summer, however, the difference between a hot and a 
cold season is only clearly shown by the day temperature ; thus it 
is the variance of the maximum that most influences the mean at 
this time, being in fact low through spring, summer and autumn 
with a maximum in July. The whole variance of the mean, how- 
ever, is steadied down bv the even night temperatures. 

The range curve is nearly the converse of that for the mean. 
In winter a low maximum is accompanied by a low minimum, but 
in the summer, however, the range is much more variable from 
year to year. 

Correlation from year to year. 

From year to year the maximum and minimum temperatures 
(Fig. 9) are very highly correlated in the winter months ; 
much more so than from day to day. Thus a cold December is 
reflected both in the minimum and maximum temperatures. 

The correlation in the spring and autumn is still positive but 
low. Thus, while in April a series of warm days may increase the 
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mean maximum temperature, it does not necessarily follow that 
spring- frosts will not occur at night and lower the average for the 
minimum. 

There is a distinct rise in the summer indicating that, while a 
hot summer day is not necessarily accompanied by a warm night, 
in a hot July, the mean minimum temperature is raised, though as- 
has been seen, not on anything like the same scale as the maximum. 

Owing to the high correlation between the maximum and 
minimum temperatures from year to year the tendency for mean 
and range (Fig. 10) to be negatively correlated in winter from day 
to day is somewhat swamped. In consequence (luring the winter 
months there is no significant correlation between the two from 
year to year. In the summer and early autumn, however, the 
correlation between maximum and minimum is low from year to 
year and thus the correlation between mean and range is high and 
positive. 

Thus the mean temperature of a winter month does not 
appreciably affect the range, while in the summer hot months are 
certainly accompanied by large differences between maximum and 
minimum temperatures. 

Summary. 

1. It is shown that owing to the bulk of data accumulated, it 
was necessary to condense the daily readings of maximum and 
minimum temperature before an adequate statistical analysis could 
be attempted. The daily readings were therefore reduced to five 
constants for each month during the forty-eight years under con- 
sideration. These were the mean and variance for maximum and 
minimum temperatures and the product moment for the two sets 
of readings. 

2. The method by which this was carried out is given in some 
detail in the hope that other stations will also carry out this 
summarization and analyze their data in a similar way. 

3. The data are analyzed, use being made of the method of 
Anal jf a is of Variance developed by R. A. Fisher. 

4. It is demonstrated that the variation over a period of years 
is divided into two portions, that within months and that between 
the same months in different years. The significance of this 
“ between-month ” variation is examined, and it is shown that all 
months vary significantly from year to year, but that in certain 
months this variation is much greater than in others. 

5. The results of the analysis are presented in the form of a 
number of diagrams. These show, firstly, the normal variation of 
the maximum and minimum temperatures from day to day within 
each month. It is seen that the greatest variation of the maximum 
temperature is found in the spring and early summer, the winter 
being comparatively even ; the minimum temperature on the other 
hand varies greatly in the winter months, while the summer months 
are very even. Secondly, the variation of the daily mean and the 
range “ within months ” is discussed. It is apparent that the 
variation of the mean temperature is greatly influenced by the low 
variation of the minimum during the summer months. The mean 
tends, therefore, to give a poor idea of fluctuations of temperature 
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during this time. Thirdly, diagrams are given illustrating the 
correlations from day to day between the maximum and minimum 
temperatures and also between the mean and the range. In the 
first case the correlation is always positive, but much higher in 
the winter months than in the summer ; in the second, the mean is 
negatively correlated with the range in the winter and positively in 
the summer. The correlation is, however, always low. 

Fourthly, diagrams are given illustrating the variation in 
maximum and minimum temperatures, mean and range from year 
to year. It is pointed out that whereas in the spring and autumn 
months the variation of the maximum temperature within months 
is high, the mean maximum temperature varies comparatively little 
from year to year. In the winter and summer, however, the 
maximum varies very considerably between years. 

The minimum temperature has its greatest variation from year 
to year in the winter, but has an extraordinarily low variance in 
the summer months. 

It is shown that the mean of the maximum and minimum 
probably gives a fair idea of the variations in temperature from 
year to year in the winter months, but that the maximum tempera- 
ture most influences the mean during the summer months. 

The variation of the range is apparently very nearly the con- 
verse of that for the mean. 

Finally, the correlations from year to year between maximum 
and minimum and also mean and range are discussed. 

In conclusion, the writer would like to acknowledge his indebted- 
ness to the Ministry of Agriculture, who have enabled him to 
spend the last year at Rothamsted ; also he would like to thank 
Dr. Fisher, who inspired this work and whose sympathy and advice 
have always been readily given. 

DISC CSS ION. 

Sir Richard Gregory : I run sure you will all agree with me that 
Mr. Hoblyn’s paper is of a type to be welcomed at our meetings and 
for publication in our Journal. It is of interest to meteorological observers 
and of value also to horticulturists and farmers. Every crop has its own 
range of temperature for growth and development, and to know in any 
particular district the probable and extreme variations month by month, 
as illustrated by Mr. Hoblyn’s diagrams, would be of the greatest 
practical service. It is evident from the tables and the diagrams that 
May deserves its reputation for fickleness of temperature. Rothamsted, 
where the observations analysed were made, has a heavy soil, and the 
response of plants to temperature changes would probably be different 
there from what it would be in a soil of greensand or chalk; nevertheless, 
it would be a decided advantage to know the prevalent weather in any 
district month by month, and also the range of the possible variations. 
The material for making such an analysis of temperatures in the chief 
districts is in the possession of the Meteorological Office, and if the work 
could be done it would make a very valuable supplement to the Book of 
Normals. It would be necessary, however, to present the facts in a way 
intelligible to the lay mind and without the use of technical terms or 
formulae. What are wanted in this and other scientific subjects are 
transformers who can reduce these high tension currents to voltages 
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suitable for everyday needs and uses. There are probably several Fellows 
present who will be able to make useful observations upon some of the 
points in Mr. Hoblyn’s interesting paper and to join with me in expressing 
our thanks for his account of it. 

Mr. W. H. Pick said that he wanted to congratulate the author very 
heartily upon two counts : first, for the enormous amount of work that 
the paper manifested ; and secondly, for the large quantity of really useful 
information that was summarised into such a readily perceivable and 
digestible form, lie felt, too, that it was very good to see this new 
marriage of meteorology with agriculture, because the dependence of the 
latter upon the former was so great. Years ago they had been very 
closely linked, but something in the nature of a divorce had taken place 
in the interval. Papers like the one now being discussed were very 
valuable for the agriculturist and it was to be hoped that more with an 
agricultural bias would be forthcoming as a large proportion of the 
Society’s Fellows had agricultural connections; that would mean that the 
interest of these Fellows would be heightened as well as fruitful work 
being done. 

Mr. L. C. \Y. Bonacina remarked on the overwhelming complexity of 
agricultural meteorology. There was no doubt that a Rothamsted was 
needed in every English county. The optimum conditions of rainfall and 
temperature for different crops varied from place to place within a few 
miles in accordance with changes of soil and other factors, and one had 
to bear in mind, as Sir Napier Shaw had remark<d, in any particular 
season the influence of the previous season, and so forth. 

Some of the statistical results brought out for Rothamsted were 
reflected in general experience* with surprising clearness. Take, for 
instance, the contrast drawn between May and July. It was very apparent 
that May, although a month of violent vicissitude of heat and cold 
from day to day, was quite a constant month, so far as any month 
could be so-called in England, from year to year. On the other hand, 
July, though comparatively steady from one day to another, was a most 
uncertain and eccentric month from one year to another, one July being 
relentlessly hot and dry, another hopelessly wet and chilly. 

Other Fellows who took part in the discussion were Dr. G. C. 
Simpson, Dr. C. E. P. Brooks, and Sir Xapitr Shaw. 
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ON THE ANNUAL REVISION OF FORECASTING 
FORMULAS BASED ON PARTIAL REGRESSION 
EQUATIONS 

By A. J. Page, Rolhamsted Experimental Station, Harpenden , Herts 


The fitting of regression lines to statistical data which have been 
obtained by experiment or other means more or less under control, has 
been widely applied, and has produced valuable results, but the method 
is much more restricted when applied to statistics relating to economic 
and social problems on account of the complexity and variety of the 
underlying causes at work. Cases, however, do arise where the main 
factors are few and easily distinguishable, thereby enabling exact 
mathematical procedure to be followed with some degree of success. 
It has been found possible, for example, to work out prediction for- 
mulas for the preparation of official crop forecasts, though a difficulty 
often arises owing to the comparative shortness of the time series 
available as a basis of the calculations, which may be due not to the 
absence of figures for earlier years, but to changes in conditions during 
the course of time which would render the material of a long series 
obviously heterogeneous. When all such causes and conditions have 
reached a fairly stable state of equilibrium amongst themselves, the 
addition of each successive year’s data, as time goes on, lengthens the 
series available, and enables the dependent variate to be determined 
with greater precision. 

The procedure to be followed is simple and does not involve the use of 
correlation coefficients. It may be studied in full in such a work as 
R. A. Fisher’s Statistical Methods for Research Workers . The arith- 
metical work involved may, however, be laborious, and the object of 
the present note is to show how, when once the necessary equations 
have been obtained from the data available for any given period of 
years, these equations may easily be brought up to date by the in- 
corporation of the figures for a new year, without having to recalculate 
ab initio all the numerical coefficients involved. 

If the expected value of a dependent variate Y is expressed in terms 


of a number of independent variates Xi, x 2 , x 3 , , x r in the 

form of a partial regression equation 

F = 6 1 xi+6 2 x 2 + ,+b r x ry (1) 


the partial regression coefficients 61, i> 2 , b r are obtained from 

the simultaneous equations 
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6i2(x 2 i) +622(2122)+ • • • . +&r2(xi x r ) “SCxi y) 'J 

6 iS 0 ciS 2 )+& 22 (z 2 2 ) + . . . .+br2(x 2 x r )=X(x 2 y) ( 

> ( 2 ) 

bi2(xi x r )+b 2 X(x 2 X r )+ . . . . + b r 2(x 2 r) = 2(av 2/) j 

where y, Xi 9 x 2) .... 9 x r are all measured from their respective 
means. If they were not so measured and, instead, the crude values 
used, there would be no great trouble or labor involved in bringing the 
above equations (2) up to date by the addition of a new term to each of 
the series which forms the numerical coefficients of the b 1 s. However, 
since all the means become altered, every one of the terms in the differ- 
ent series is affected. 

Suppose the equations ( 2 ) to be based on figures for t years, and that 
the inclusion of the (t+ l) th year increases the mean from which x x 
is to be measured by d x . The new value of the variate evidently ex- 
ceeds the old mean by (t+l)di and the new mean by td x . The sum of 
the squares of the deviations for the first t years from a value differing 
by di from their mean is evidently increased by 

td \ 


while the new square is t 2 cP h making a total increase in the coefficient 
of bi in the first equation of 

Moreover, if the absolute values of the variate for the t + 1 years are 
represented by x u , x X2} .... Xw+i 

i + 1 t t 

1 v-% 




di is defined by the equation and the adjustment of the coefficient 
due to the inclusion of the new year’s data consists in merely in- 
creasing it by 


^]teu+»-2> 


Similarly, the sum of the products of the deviations from the mean of 
the variates Xi and x 2 will receive an adjustment 
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The system of equations (2) may then be brought up to date merely 
by calculating for each variate the difference between t times its new 
value and the sum of the previous values, and adjusting the coefficients 
by the addition of the terms given by (3) and (4). 

As a practical example of the method, figures used for the official 
forecasts of the exportable surplus of rice from the province of Burma 
may be cited. The full set of equations for the whole province are too 
elaborate to be quoted here, as no fewer than six b’s in six simultaneous 
equations are involved, but the subsidiary equations from the port of 
Akyab which deal exclusively with the produce of the rice lands in the 
Arakan division of the same province may be quoted as they involve 
only two parameters. For the years 1902 to 1926, omitting the years 
1915 to 1920 which were affected by war conditions, the exportable 
surplus is given by the equation 

F = - 27 . 390 + . 257x + . 029x' 

where Y is the difference in hundreds of tons between the exports of any 
year and those of the preceding year, x is the difference between the 
area harvested in hundreds of acres multiplied by the condition figure 
of the crop for the same year, and the corresponding product of the 
preceding year, w r hilst x 1 is the similar difference between the similar 
products for the preceding and second preceding year. In other 
words, and expressed algebraically, if a u a*, a 3 are the areas harvested 
in three consecutive years and c h o 2 , c 3 the corresponding condition 
figures of the crops 

X — U 3 C3 — (H C'2> X — C2 — CLi Cl. 

Now the coefficients . 257 and . 029 were obtained as the approximate 
solutions of the equations 

19,295,4706i - 1 1,971, 2496 3 = 4,608,535 

- ll,971,2496i+33,387,8786 2 = - 2,096,725 

where the coefficients are the sums of squares, or products, for 17 years. 

The figures for the succeeding year 1926-27 were x= — 219, x' = 
— 354 and y— —280; t is 17, <+l is 18 and the crude totals 2(x), S(x') 
and 2(y) for 17 years were 6,368, 1,702, and 1,285 respectively. For 
the three variates x, x’ and y we have therefore 


17 X ( - 219) - 6,368 = - 10,091 
17 X (-354) -i, 702=- 7,720 
17 X (-280) -1,285=- 6,045 
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of which the squares and products divided by 17X18( = 306) gives the 
adjustments to the coefficients : 

332,772 254,583 199,347 

254,583 194,766 152,508 

and on adding these to the coefficients of the old equations we arrive at 
the following new equations 

19, 628, 2426i — 11,7 1 6,66662 = 4,807,882 

- 11, 716, 6666i + 33, 582, 6446 2 = -1,944,217, 

giving a new regression equation 

7 = - 37 . 551 + . 266x + . 035x 

The benefit of this simple labor-saving formula is not, however, seen in 
its fullest extent in the example given since considerations of space pre- 
vented heavier work being displayed. 

A further advantage of the method is that in some cases, as in the one 
given above, where the z’s are known early in the year but the y’s are 
not known until the year has closed, the equations can be revised, as far 
as all the coefficients on the left-hand sides of the equations are con- 
cerned, and kept in readiness for the insertion at the earliest possible 
moment of the corrections to the 2(x?/) items, when the new solutions 
for the 6 parameters can quickly be found. Indeed, using the left-hand 
sides of the equations only, a matrix of multipliers may be prepared, 
which, with the new values for the right-hand sides, will supply the new 
solutions by direct multiplication and addition, thus anticipating 
nearly all the labor, not only of preparing, but of solving the equations. 



REVISED OFFICIAL METHOD FOR THE MECHANICAL ANALYSIS 

OF SOILS 

Adopted by the Agricultural Education Association in 1927 
Reprinted from “ Agricultural Progress” Vol. V, 1928 

INTRODUCTION 

The Agricultural Education Association adopted in 1925 a new official 
method of Mechanical Analysis to replace the older sedimentation method 
adopted in 1906. The essentials of the new method consisted in (a) the use of 
hydrogen peroxide to destroy organic matter and thus to aid the complete 
dispersion of the soil, and (b) a shorter procedure to obtain the percentage of 
the fractions, depending on the measurement by pipette sampling of the depth- 
concentration relationship in a settling suspension. Both these improvements, 
which were introduced by Robinson (/. Agric. Sci ., Vol. 12 (1922), pp. 287 and 
306), were thoroughly examined by a sub-committee of the Association, consisting 
of Professor N. M. Comber, Dr. B. Dyer, Professor J. Hendrick, Professor G. W. 
Robinson, Mr. T. Wallace, with Dr. B. A. Keen as convener. The extensive 
experimental work was carried out at Bangor, Leeds and Rothamsted, under 
the direction of Professor Robinson, Professor Comber and Dr. Keen respectively. 
A full account of this work and a detailed discussion of the position of mechanical 
analysis at that time appeared in the Journal of Agricultural Science , Vol. 16 
(1926), p. 123. The full working details of the method were published in 
Agricultural Progress, Vol. Ill, 1926. 

Since this date, Commission 1 of the International Society of Soil Science 
has met at Rothamsted (October, 1926), where it discussed the question of 
issuing an agreed international method of mechanical analysis. Certain con- 
clusions were reached, which were adopted with only minor modifications by the 
full Congress of the International Society of Soil Science at Washington, D.C., 
in June, 1927. 

The full details of the International method will be found in the Proceedings 
of the Congress. It agrees with the British method in the preliminary treatment 
and dispersion of the soil and in the use of the pipette method of sampling, but 
differs from it in that (1) the percentages of fractions are expressed on the oven- 
dried (105° C.) and not on the ignited basis, and (2) the settling times used for 
the separation of the fractions arc different. 

The Chemistry Committee of the Agricultural Education Association at its 
meeting in December, 1927, discussed these differences, and instructed the 
Mechanical Analysis Sub-committee to revise the British method so as to bring 
it into line with the International method, unless, on further consideration, there 
appeared to be insuperable objections to this course. The Sub-committee accord- 
ingly recommends that the method, given in detail below, shall become the 
Revised Official Method of the Association. In making this recommendation 
the Sub-committee has given due weight to the fact that no large number of 
analyses has yet been accumulated by the official method adopted in 1925. 

The changes necessitated, together with the reasons for them, are set out 
below. 


1. The Expression of the Fractions as Oven-dried and not Ignited. 

The British practice of igniting the fractions before weighing stands almost 
alone. It was introduced with the 1906 method because of the incomplete 
removal of humus in the pre-treatment. The introduction of the peroxide 
method for the express purpose of removing the bulk of the organic matter has 
made the subsequent ignition very largely unnecessary, but it was retained in 
the 1925 official method owing to the large number of analyses already accumu- 
lated on an ignited basis. It now appears that the question of the ignition of 
a soil has fallen into a different perspective. Its use lies no longer in giving a 
truer series of values for the percentages of the fractions present in a soil ; but 
it has become rather a means of ascertaining (after allowance for the humus 
content as given by the peroxide treatment) some information about the water 
of constitution of the clay and allied properties. As such the loss on ignition 
figure is desirable, and, although it may well be continued as a standard routine 
determination, it should in future be recorded separately from the actual 
mechanical analysis figures. . . 

The employment of oven-drying instead of ignition will considerably increase 
the figures for the percentage of soil fractions, and this increase will fall to the 
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greatest extent on the clay. Those workers who wish for any purpose to secure 
ignited fraction weights for their own use can, after the oven-dry weights have 
been obtained, carry the same fractions through to ignition. Alternatively, a 
determination of the loss on ignition can be made on a separate portion of the 
soil and this figure set off against the percentage of oven-dry clay, on which, 
as stated, the ignition loss predominantly falls. 


2. The Diameters and the Number of the Fractions 
The present, and proposed settling depths and times, and the assumed 
maximum diameter of each fraction are as follows : — 


PRESENT SCALE 


Corresponding 


Clay 
Fine silt 
Silt 

Fine sand 
Coarse sand 


Clay 

Silt 

Fine sand 
Coarse sand 


} 


} 


Depth. 

Time. 

Diameter. 

8-6 cms. 

24 hrs. 

0 002 m.m. 

120 ,, 

20 mins. 

001 

300 ,, 

5 •» 

004 

Separated by the 0-2 m.m. sieve < 

INTERNATIONAL SCALE 

f 02 

Lio 

10 cms. 

8 hrs. 

o-oo2 m.m. 

IO ,, 

4 mins. 48 secs. 

002 

Separated by the 0 2 m.m. sieve < 

f 0*2 

L 2 ° 


The figures refer to a temperature of 20° C. for the International scale, and 
1 5° C. for the present scale. 

In each case, these diameters are conventional figures and bear only a rough 
relation to the actual sizes of the particles. They are calculated, of course, from 
Stoke’s Law, and are only of use as a kind of mental picture of the grain sizes. 
It is the settling velocity rather than the diameter that is important. In the 
case of the new method, a particle that settles io cms. in eight hours (in water 
at 20° C.) is defined as 0 002 m.m. equivalent diameter, and the diameters of 
all other fractions are calculated from Stoke's Law on this basis. In the 1925 
official method, the conventional diameters and the settling velocities are not so 
logically related, as can easily be seen by a few test calculations. The diameters 
were, in fact, altered empirically from microscopic observation of the particles 
at the time the 1906 method was introduced, and these conventional diameters 
were retained in the official method adopted in 1925. Thus for the clay the 
same conventional diameter is employed as in the proposed new method, although 
the settling heights and times (at 2o°C.) are respectively 9 8 cms. in 24 hours 
(or 8*6 cms. at 15 0 C.) in the present method, as against 10 cms. in 8 hours in 
the new method. The clay fraction in the new method, in fact, includes some 
of the finer portions of the old " fine silt *' fraction. From both physical and 
chemical reasons there is justification for this inclusion, and many institutions 
make a practice of dividing the fine-silt fraction into two, so that the amount 
of the finer portion of the fine-silt fraction can, when desired, be added on to 
the clay. In any case, the change in the clay figure occasioned by the proposed 
alteration in settling velocity is small, amounting only to a few per cent on a 
very heavy soil, while for the majority of soils the difference is negligible. A 
further advantage in the shorter settling time is that those employing the beaker 
sedimentation method can obtain two pourings in 24 hours instead of one only 
as at present. 

The other fractions call for little comment. There is one less in the new 
method, thus reducing the labour of routine work, and for special purposes the 
experimenter can always introduce additional settling times and subdivide the 
fractions to any desired degree. The 1 m.m. sieve has been replaced by a 2 m.m. 
sieve for defining the upper limit of the soil — as distinct from stones and gravel 
that are determined on a separate bulk sample — in view of the very general use 
of this size in other countries. 

A further very strong argument for the new scale of fractions is that they 
are widely employed in our Dominions and Colonies. There can be no question 
of the desirability of a uniform scale for mechanical analysis in the Empire, and 
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the advantage of securing this and, at the same time, conformity with the Inter- 
national method is very great indeed. Finally, the method of summation curves 
can be employed if it be desired to transfer an analysis by the new method to 
the older British scale. (See Note G.) . 

3. The Determination of Air-dry Moisture Content in the Soil Sample 

The International method prescribes that all figures shall be expressed as a 
percentage of the dry soil. Unless the soil is so dried before sampling, which is 
liable to introduce difficulties in the dispersion, it is necessary to work on air- 
dried soil and to recalculate the results to an oven-dry (105° C.) basis. The 
determination of the air-dry moisture content is a valuable feature of the British 
method, and this determination should be retained and included in the figures. 
There is the more reason for this, in that results so reported can be transferred 
by the reader to the oven-dry basis by a simple calculation. 

DETAILS OF METHOD 

On arrival at the laboratory the soil is spread out to dry at room temperature, 
and is then passed through a 2 m.m. round-hole sieve, any lumps being previously 
gently disintegrated in a mortar with a wooden pestle. The residue on the sieve, 
consisting of stones and fine gravel, before being discarded, is weighed and 
expressed as a percentage of the total weight of the air-dry soil. The material 
passing the sieve is the bulk sample from which separate sub-samples are carefully 
and uniformly taken for the following analyses : — 

I. Grading into fractions. 

II. Determination of carbonates. 

III. Moisture content, and, if desired, loss on ignition. 

The working details for each of the three above groups are given below* 

I. Grading into Fractions 

This section consists of two distinct operations, (a) dispersion, and (6) the 
actual mechanical analysis. 

(a) Method of dispersion. Weigh out 20 grams of air-dry soil into a tall 
600 c.c. beaker. Add about 60 c.c. of 6 per cent (20 vol.) hydrogen peroxide 
and place on a hot plate, or over a rose burner. A vigorous reaction with organic 
matter soon takes place. The contents are stirred from time to time, and watched 
to avoid frothing over. After the reaction has subsided a further addition of per- 
oxide should be made and the beaker again heated. There is usually no great 
degree of frothing with the second addition of peroxide, unless the soil contains 
much organic matter, when further additions of peroxide must be made. The 
humified organic matter is rendered soluble or destroyed by the peroxide treat- 
ment, and the soil loses its dark humic colour. After cooling, enough water and 
HC 1 is added to give 150-200 c.c. of N/5 HC 1 , allowance being made for the 
acid necessary to decompose carbonates. The contents are allowed to stand, 
with frequent stirring, for about an hour (or left overnight) and then filtered 
through an 18-cm. hard filter paper. If Whatman No. 1 be used, the first run- 
nings may be turbid, but by pouring them back on to the filter, a clear filtrate 
may be obtained. The filtration is expedited by using a filter pump and hardened 
paper. The soil is then thrice washed on the filter with 100 c.c. of distilled water 
each time. No attempt should be made to wash down the soil to the bottom 
of the filter, as not only does this considerably decrease the rate of filtering, but 
fine material may pass through. If this washing has not made the soil practically 
free from electrolytes, it must be continued. After washing is complete, the 
filter paper is spread out on a large watch glass, and the soil washed with a jet of 
hot water on to a wire- mesh sieve with square apertures of 0-2 m.m. wide held 
over the mouth of a beaker. When no more can be removed, the paper is rolled 
into a loose ball, thoroughly wetted, and squeezed like a sponge. This process 
is repeated as long as any turbid liquid can be obtained . The material that cannot 
be removed in this way does not exceed 0*2-0 *4 per cent of the whole sample. 

The filtrate collected after the peroxide-HCl treatment contains, in addition 
to calcium from calcium carbonate, a small quantity of dissolved material, 
amounting usually to about 2—3 per cent of the total weight of soil, and consisting 
principally of mixed sesquioxides and a small amount of silica. For routine 
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purposes this loss of sesquioxides and silica may be determined by weighing, after 
gentle ignition, the precipitate obtained by the addition of ammonium hydroxide 
and ammonium chloride to the filtrate. It should be reported as “ loss by 
solution.*' (See Note D.) 

(b) Mechanical analysis of dispersed sample by pipette method. The material 
on the sieve is gently rubbed with a rubber pestle or the finger under a jet of 
water until no more will pass through. The residue on the sieve is the " coarse 
sand " fraction which is dried and weighed. 

The material passing the sieve is transferred to a litre shaking bottle, and 
is made up to about 500 c.c. with distilled water, to which is then added 50 c.c. 
of dilute (10 per cent) ammonia, made by diluting o-88 ammonia with twice its 
volume of distilled water. The contents are shaken in an end-over-end shaker 
at a speed of 30-40 revolutions per minute. For sandy soils overnight shaking 
is sufficient ; very heavy soils may require forty hours. The shaking concluded, 
the suspension is made up to 1 litre in a measuring cylinder. The contents are 
thoroughly shaken by repeated inversion of the cylinder for about one minute, 
making certain that any sediment which has settled to the bottom is thoroughly 
mixed up with the liquid. The cylinder of suspension (equivalent to a 2 per cent 
suspension of the original soil) is then allowed to stand. The sampling can be 
done either with the special pipette and apparatus (see Note H), or alternatively 
a 20 c.c. pipette is fixed in a cork so that when the cork rests on the top of the 
cylinder, the point of the pipette will be the required distance below the original 
surface of the suspension. 

The first sampling is made at the 10 cm. depth when the well-shaken 
suspension has stood for 4 minutes 48 seconds. The pipette, with the top closed, 
is lowered vertically into the suspension to the required depth (this operation is 
begun about 20 seconds before the time is up) and 20 c.c. of the suspension is 
withdrawn, care being taken to avoid too rapid ingress of the liquid, with 
consequent eddying in the bulk suspension. 

The contents of the pipette are, if necessary, rapidly adjusted to the mark 
and delivered into a suitable tared dish. We have used and recommend the 
ordinary type of dish, 72 mm. diameter, commonly employed for the deter- 
mination of dry matter in milk. The dish is then taken to dryness on a water 
bath, dried at 105° C. (see Note H), and, after cooling in a desiccator, weighed. 
The weight of material multiplied by five gives the concentration of the suspension 
at the point sampled. Let this be X. Then, the original concentration being 
2 per cent, the percentage of material having settling velocity less than 10/288 = 
0-0347 cm. /sec. is given by 100 X/2. Actually, the calculation given here in full 
reduces in practice to dividing the number of milligrams of the oven-dry material 
by four. This represents as a percentage the sum of the clay and silt. 

The contents of the cylinder are again shaken up for one minute and allowed 
to settle for eight hours and sampled at a depth of 10 cm. below the new surface 
level, from which the percentage of clay is obtained, after drying, cooling and 
weighing as above. We have thus obtained the percentage of 

silt -f* day, 
clay, 

and from these the percentage of silt is obtained by subtraction. 

The remaining fraction, the fine sand, is determined directly. After the clay 
sampling, the bulk of the supernatant liquid is poured away and the sediment 
in the cylinder is transferred to a 400 c.c. beaker and made up with water to a 
height of 10 cms. above the base. It is well stirred up and allowed to settle for 
4 mins. 48 secs., when the turbid suspension is poured away. The beaker is 
again filled to the mark with water and the process repeated until the liquid is 
no longer turbid at the end of the period. The residue is the fine sand, which 
is collected, dried and weighed as above. 

(c) Mechanical analysis by sedimentation method. If no shaking apparatus 
is available, it may be necessary to carry out the mechanical analysis by the 
sedimentation method. In this case the material passing the 0-2 m.m. sieve is 
stirred up with 10 c.c. of 10 per cent ammonia and made up with distilled water 
to the 10 cm. mark. It is then poured off after 8 hours, and the pourings 
repeated until all clay has been removed. It is possible to make two pourings 
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in 24 hours, the beaker being filled up after each 8-hour pouring and allowed 
to stand overnight. It may not be practicable to fill the beaker to the full 
height corresponding to the night period, which will be about 16 hours ; but 
if, say, 14 cms. is used instead of the necessary 20 cms., a considerable amount 
of clay will be removed and the time taken correspondingly shortened. The 
clay is determined directly, by evaporating an aliquot part to dryness at 105° C. 
and weighing. The residue in the beaker is again made up to 10 cms. with 
distilled water, and poured off after an interval of 4 mins. 48 secs. The process 
is repeated until all silt has been removed. This is collected, dried at 105° C. 
and weighed, and the final residue in the beaker, consisting of the fine sand 
fraction, is similarly dried and weighed. 

It is to be observed that all the operations in (a), ( b ), and (c), can, if desired, 
be carried out on half the quantity of soil, i.e., 10 grms. In this case all other 
quantities are also halved, and a 500 c.c. cylinder is used in the pipette method. 

II. Determination of Carbonates 

This determination may be made in the Collins calcimeter. It is unnecessary 
to give details here. Reference may be made to the description in Journal Soc. 
Chemical Industry, Vol. 25 (1906), p. 518. 

III. Moisture Content in Air-dried Sample 

Weigh 10 grams of the air-dried soil into a wide weighing bottle and heat 
for 24 hours at 105° C., cool in a desiccator and reweigh. As a precaution, heavy 
soils and those containing appreciable amount of organic matter should be 
replaced in the oven for a further period of 24 hours and a second weighing made. 

The loss on ignition of the soil, if required, can be determined on this oven- 
dry sample. (See Note C.) 

STATEMENT OF RESULTS 

The results to be reported as percentages on the air-dry soil in the British 
Revised Official Method are therefore : — 

(1) Coarse sand, remaining on 0 2 m.m. sieve. 

(2) Fine sand, obtained by sedimentation. 

(4) Clay } obtained by pipette sampling. 

(5) Moisture in air-dry soil. 

(6) Carbonates. 

(7) Loss by solution in peroxide-HCl treatment. 

(8) Difference (organic matter removed by hydrogen peroxide, 

and errors of experiment) . 

Total = 100. 

Item (8) is the difference between 100 and the sum of the other seven items. 
The errors in working with oven-dry material will be mainly positive and may 
occasionally, in soils of low organic content, outweigh the organic matter dis- 
solved by peroxide and acid. In this case the total of the first seven items will 
exceed 100, in contrast to the usual experience with ignited material, where the 
errors are mainly negative and lead to a total of less than 100. 

Where it is desired to give results on an ignited as well as the oven-dry 
basis, the oven-dry fractions are taken to ignition after weighing, as already 
mentioned. The further results to be reported, calculated as percentage of the 
original air-dry soil, are then : — 

(1) Coarse sand, remaining on 0 2 m.m. sieve. 

(2) Fine sand obtained by sedimentation. 

(4) Clay } obtained by pipette sampling. 

(5) Moisture in air-dry soil. 

(6) Carbonates. 

(7) Loss by solution in peroxide and HC 1 treatment. ## 

(8) Loss on ignition (organic matter and " water of constitution 

of clay) . 

(9) Difference (errors of experiment) , 

Total «= 100. 



6 


REVISED OFFICIAL METHOD FOR 


A specimen result for the same soil 
official oven-dry basis and the ignited t 

Revised Official Method . 


Coarse sand . . .22 3 

Fine sand • 3 2 *7 

Silt .... 18-2 
Clay .... 16-8 
Air-dry moisture content . 31 

Carbonates . . .07 

Loss by solution 18 

Difference -4*4 

Total . . . .100 


(Pennant Grit, Glamorgan) on both the 
asis is given below : — 


Ignited Basis . 


Coarse sand 

. 21 7 

Fine sand 

• 3 2 *3 

Silt 

. 187 

Clay 

140 

Air-dry moisture content 

31 

Carbonates 

07 

Loss by solution 

i-8 

Loss on ignition 

8-6 

Difference 

— °*9 

Total 

100 


(A.) Limitations of mechanical analysis. Although the method described 
above is suitable for the great majority of soils, there are certain soil types for 
which any system based on particle sizes is not completely satisfactory. Soils 
very rich in organic matter or in calcium carbonate require special consideration. 
Moreover, in the case of highly calcareous soils there is difficulty in effecting 
dispersion. This can be met if after the peroxide treatment and the normal 
treatment with HC1 the soil is then leached with HC1 to remove absorbed or 
replaceable calcium. Another soil type that probably requires special considera- 
tion is that composed of un weathered and partially weathered rock particles. 
These, although relatively easily disintegrated, arc not necessarily equivalent to 
the *' compound particles ” formed in the soil by cultivation processes that are 
completely dispersed before the analysis. Lateritic soils also need special 
attention. These are normally highly granulated, and methods sufficiently drastic 
to secure the prime particle structure would possibly attack unweathered 
material. 

(B.) The use of the 11 air-dry '* moisture content. If the usual “ air-dry ** 
moisture content be replaced by the loss in weight when the soil, previously 
brought to equilibrium over sulphuric acid of 50 per cent relative humidity, is 
transferred and brought to equilibrium over concentrated H 2 S0 4 , a definite value 
is obtained that has much to recommend it as a means of characterizing the soil 
(see J. Agric. Sci., Vol. 15 (1925), pp. 68 and 272). Further, the reliability of 
the loss on ignition figure is improved by the greater definition of drying over 
concentrated sulphuric acid, as compared with oven drying. Sulphuric acid of 
50 per cent relative humidity may be obtained by adding 23-4 c.c. of concentrated 
H a S0 4 to 57 c.c. of water and then adjusting, if necessary, to a density of 
1-3325 at 15° C. 


(C.) Determination of loss on ignition. A known weight of oven-dry soil is 
transferred to a small porcelain or vitrosil basin of known weight, ignited for 
thirty minutes in a muffle at a bright red heat (iooo 0 C.), cooled and reweighed. 
The value obtained for the loss on ignition includes CO a from the carbonates, 
and is therefore too high. When the carbonate content of the soil has been 
determined, a weight equal to 44 per cent of the carbonate should therefore be 
subtracted from the ignition value in order to obtain the true loss on ignition. 
If the ignition is carried out over a Bunsen at such a temperature that complete 
decomposition of CaCO a into CaO and CO a does not occur, it is advisable, after 
ignition, to moisten the residue with ammonium carbonate solution, and ignite 
gently to drive off excess of ammonium carbonate. After this treatment, the 
residue contains the original amount of calcium carbonate, and no correction of 
the loss on ignition value is therefore needed. 

(D.) Determination of silica and sesquioxides . When the amounts of silica 
and sesquioxides in the filtrate after peroxide-HCl treatment are desired 
separately, the weighed precipitate, after NH 4 C1 and NH 4 OH treatment and 
ignition, as described in I (a), is treated with strong HC1, evaporated to dryness, 
and heated to 150° C. on a sand- or air-bath for two hours, to render the silica 
insoluble. It is then moistened with strong HC1 and allowed to stand for ten 



THE MECHANICAL ANALYSIS OF SOILS 


7 

minutes. Water is then added, the liquid is cooled and the silica separated by 
filtration, well washed with hot water, dried, ignited and weighed. The sesqui- 
oxides can be obtained by difference or directly determined in the filtrate by the 
method already described in I (a). 

(E.) The effect of temperature . In both the pipette and sedimentation 
methods care must be taken to avoid temperature fluctuations which create 
convection currents in the suspension. Further, the viscosity of water has an 
appreciable temperature coefficient, which must be taken into account in fixing 
the depth of sedimentation or the depth of pipette sampling. If at 20° C. the 
depth of sampling is h, the appropriate depth at temperature T is given by Kh 
where K has the values given in the following table : — 

T • . 5 io 15 20 25 30 

K . . o*66o 0 784 0 880 i-ooo 1*125 1-257 

(F.) Change of sampling depth and time. In the pipette method, if the time 
fixed for any given sampling is inconvenient, or is missed for any reason, it is 
only necessary to fix on a new time of sampling, and to adjust the pipette accord- 
ingly. Thus in the clay sampling, 7 hours and 8-75 cms. or 10 hours and 12*5 cms. 
are both equivalent to the usual 8 hours and 10 cms. sampling. It is not advisable 
to sample at a less depth than 7 cms. 

(G.) The use of summation curves. Attention should be drawn to the 
method of reporting the results by a summation curve (Robinson, J. Agric. Sci. t 
Vol. 14 (1924), p. 626), instead of a series of numbers giving the percentage 
amount of each fraction present. The curve is obtained by plotting the logarithms 
of the settling velocities employed in the separation against the actual ex- 
perimental data obtained in the pipette method, i.e. against the weight (or 
percentages) of clay, clay 4- silt, etc. The curve thus obtained shows at a glance 
the characteristic particle size distribution of the soil, and has the further 
advantage that it is easy by interpolation (and to some extent by extrapolation) 
to express the results in any other scale for which the settling velocities are 
known. 

(H.) Apparatus for mechanical analysis. 

The end-over-end shaker. A convenient end-over-end shaker can be con- 
structed by building a set of wooden compartments on either side of an old 
bicycle wheel, fitted with a long axle. A small hot-air engine provides an 
adequate drive. 

The o*2 m.m. mesh sieve. This sieve has been usually referred to as the 
100-mesh sieve, and there has been some confusion in the past as to the actual 
dimensions of the holes. Standard specifications of sieve dimensions have been 
issued by the Institute of Mining and Metallurgy. The I. M.M. sieve. No. 70, 
with a square hole of 018 m.m. side, is the most suitable, as the slight wear and 
stretch in use brings the aperture dimensions closer to the 0*2 m.m. value. When 
passing soil through these sieves only a gentle rubbing action should be used, 
otherwise appreciable enlargements of the apertures may result. (See Keen and 
Haines, J. Agric. Sci., Vol. 13 (1923), p. 467.) 

The special pipette and stand , The stand is provided with levelling screws, 
and embodies a simple wheel and ratchet device by which the pipette can be 
smoothly raised or lowered to any desired position along a vertical centimetre 
scale. It is so constructed that it can be easily moved along the bench and 
placed in turn over a number of cylinders without disturbing them. The pipette 
has a long stem below the bulb, thus obviating the necessity for wide-mouthed 
cylinders, and a two-way tap above, so placed that 20 c.c. of suspension are 
delivered. It is lowered into the suspension to the desired depth with the tap 
closed. At the sampling time the tap is given a quarter turn and the suspension 
drawn up by suction until it fills the bore of the tap and has passed a short 
distance above. A further quarter turn closes the tap, and the pipette is then 
withdrawn. A final quarter turn is then given, and the suspension in the pipette 
discharges into the tared dish. The surplus suspension above the tap is restored 
to the cylinder. The complete apparatus is now on the market. 

The drying oven . The ordinary water oven has been commonly employed 
for drying the soil samples and fractions. It is not completely satisfactory, as 
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the temperature varies from point to point inside and, except possibly on the 
bottom, rarely exceeds 95°-98° C. Further, adequate ventilation is often over- 
looked. A well-lagged electric oven with an adjustable temperature-control 
device has been found very suitable. The use of a hot-air oven is not recom- 
mended owing to the difficulty of temperature control. The water oven can be 
improved by the addition of some soluble salt or glycerine to raise the boiling 
temperature of the water to i05°C., together with a condenser to prevent 
evaporation. In any case, the flame should be adjusted so that the water boils 
vigorously. 
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NOMOGRAPHS FOR USE IN MECHANICAL 
ANALYSIS CALCULATIONS 

E. M. Crowther 

Rothamsted Experimental Station, England 

INTRODUCTION 

Although the importance of a temperature correction for the viscosity 
of water in mechanical analysis has been repeatedly emphasized, the neces- 
sary corrections are not in general use. Until recently, standard settling 
velocities have been defined without reference to a standard temperature, 
and even in cooperative tests on the methods of mechanical analysis there 
has been no uniformity in this matter. Neglect of temperature effects 
has been justified on the grounds that no great accuracy is claimed for the 
results of mechanical analysis and that the methods must be sufficiently 
simple and rapid for use by routine workers. It is suggested that 
Nomograph A, described below, disposes of the second objection since 
the corrected values may be read off directly by setting a straight edge 
across three scales. Recent developments in methods of pre-treatment 
and of sampling have so greatly increased the accuracy of mechanical 
analysis that extremely close agreement is obtained in duplicate deter- 
minations carried out together. If such satisfactory agreement is to be 
obtained on different occasions or in other laboratories or countries, 
temperature corrections will be needed. Such corrections over a normal 
temperature range will cause only slight displacements of a distribution 
curve and will make relatively little change when the curve has been 
fixed by many experimental points. In the more usual case with only 
three or four points, the changes produced in the individual fractions 
will be small if the summation percentage curve is almost straight or only 
slightly curved. But where any one particle size predominates, i.e. 
where there is a steep portion on the usual summation percentage curve, 
the small displacement caused by a temperature difference will make a 
large difference in the amounts of the two fractions divided by a sampling 
at a point on this steep portion. Such a difference would greatly distort 
the distribution curve. An illustration of this point is afforded by de- 
terminations by the pipette method of the silt and finer fractions at 
10 and 20°. The results differed by 4 per cent for a Rothamsted soil, 
but by 27 per cent for a separated soil fraction; good agreement was 
obtained in both cases when the corrected settling velocities were used. 
Again, in the pipette method of sampling the temperature correction is 
perhaps more necessary than in the older methods of repeated sedimen- 

l 
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tation, for in the latter case the effect of any abnormally high or low 
temperature is smoothed out by the further sedimentations. With a 
single sedimentation there is a possibility of an occasional wide divergence 
from the normal laboratory temperature. 

TEMPERATURE CORRECTIONS 

Whatever conclusions are reached as to the connection between 
particle size and settling velocities, there can be no doubt that the tem- 
perature correction must depend on Stokes’ Law to the extent that in 
all determinations the product of the velocity and viscosity should be 
equal to that given by the standard settling velocity at the standard 
temperature. In what follows Hoskin’s data 1 for the viscosity of water 
have been employed. The standard temperature is taken at 20° C. as 
recommended at the Rothamsted Conference of the First Commission. 

Table 1 gives the factors by which times or depths of sampling at 20° C. 
must be multiplied so as to give the equivalent times or depths at some 


TABLE 1. — Factors for converting times or depths 
of sampling into other equivalents 


t°C. 

Time 

Depth 

5 

1.513 

0.601 

10 

1.303 

0 707 

15 

1 . 130 

0.881 

20 

1.000 

1.000 

25 

0.888 

1.127 

30 

0.795 

1.257 

35 

0.719 

1.392 


other temperature t° C. Attention may be directed again to the magni- 
tude of these effects. At 10; 20; and 30° respectively, equivalent depths 
are 7.7; 10.0; 12.6 cm. respectively, and equivalent times for the proposed 
international fractions, 9%; 7 l / 2 ; 6 minutes; and 10 hours, 25 minutes; 
8 hours ; 6 hours, 20 minutes respectively. The correction for a few 
degrees temperature difference is of the same order of importance as a 
centimeter, a minute or an hour in the three cases illustrated. 

Table 1 may be readily extended to give the depths and times for the 
standard separations at a series of temperatures. It is, however, more 
convenient to use a nomograph or alignment chart, such as that given in 
Fig. 1. From this nomograph the corrected values of depth or time at 
any temperature may be read off immediately, not only for standard 
values but for all values of depth and time. This is especially useful in 
connection with the pipette method where it is often convenient to vary 

1 Phil. Mag. 1909, 1: 502; 2: 260. 
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the values of depth and time whilst maintaining the standard velocity, 
and especially where it is desired to explore the distribution curve in 
greater detail by determinations at settling velocities other than the 
standard ones. 


Hr5&Mu\6 

Mu\&& 5 <lc 6 Cnv5 



20° t° 20° C° 


Fh.’uhk 1. — Nomograph A 

DESCRIPTION OF NOMOGRAPH A 

Nomograph A in Fig. 1 provides for the conversion of any depth (from 
« r > to 50 cm.) and of any time (from 35 sec. or min. to 60 min. or hr.) at 
the standard temperature 20° C. into the equivalent values at any 
temperature from 5 to 40° C. It should be noted that minutes and 
hours are divided, not into tenths, but into twelfths (5 sec. or 5 min.) 
up to 2 minutes (or hr.) and into sixths (10 sec. or 10 min.) from 2 to 
5 minutes (or hr.). The nomograph is extremely simple and rapid 
in use. A straight line joining any depth (or time) on the scales marked 
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20° with the desired value on the temperature scale cuts the depth (or 
time) scales marked t° at the equivalent value of depth (or time) at this 
temperature. 

The straight line may be obtained by a good ruler or a piece of stretched 
black cotton but most conveniently by a stout celluloid strip with a black 
line engraved on its lower surface. 

Units in Mechanical Analysis 

Other calculations frequently employed in connection with mechanical 
analysis may be obtained by direct readings from a suitable nomograph. 
It is becoming increasingly common to express the results of mechanical 
analysis in the form of summation percentage curves, using as one axis 
the negative logarithm of the settling velocity ( — log v with v as cm. 
per sec.). 

Again it is often desired to express the results in terms of particle size. 
Several courses are open in the conversion of settling velocity into par- 
ticle size. Arbitrary but agreed values may be adopted such as those 
recommended by the First Commission in its conference at Rothamsted 
in 1926. Alternatively, each worker may make microscopical measure- 
ments on a particular group of soils. Differences in the shape of particles 
would probably necessitate a separate series of values for each worker 
and for each group of soils, whilst the method obviously breaks down for 
the finest particles. The third alternative is to use the “equivalent 
diameters” deduced from Stokes’ Law on the assumption of spherical 
particles of uniform and constant density (the value 2.7 is assumed 
below). 

For popular presentation of the data from simple routine analysis, 
the first method is probably the best, whilst the second method may be 
required occasionally for special investigations. The equivalent diam- 
eter is free from any ambiguity of meaning and has been widely used 
in colloid chemistry. 

The use of the settling velocity (or —log v) alone is open to the objec- 
tion that it is not always clear whether the velocities have been adjusted 
so as to refer to a standard temperature. The product of velocity and 
viscosity or ( — log vrj ) would avoid such uncertainty, but this quantity 
has peculiar dimensions. A simple function of this product gives the 
equivalent diameter, a quantity which is readily visualized. 

DESCRIPTION OF NOMOGRAPH B 

Nomograph B in Fig. 2 provides for the direct conversion by a single 
setting of the rule of depths (from 4 to 80 cm.) and times (from 1 min. 
to 500 hr.) into the corresponding values of —log v (from 0 to 5.5). For 
any value of —log v the required value of depth (or time) can be read 
off at once for any desired value of time (or depth). This is convenient 
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for obtaining points between the standard values or for the extremely small 
settling velocities. For a fixed value of depth it is possible to read off 
directly a series of values of time giving equal increments in -log v. 
This simplifies the mathematical analysis of data from continuous 



Figure 2. — Nomograph B 


mechanical analysis methods such as with Wiegner’s apparatus or with 
the one described by the writer in another paper to this Congress. 

The three middle lines of Nomograph B provide for the conversion of 
values of —log v and temperature (from 0 to 40° C. ) into the equivalent 
diameter in (from 0.1 to 100). For convenience the equivalent diam- 
eters corresponding to fractions I and II on the proposed international 
scale, and the fractions Clay, Fine Silt II, Fine Silt I, and Silt on the 
British scale are marked. It should be noted that these equivalent 
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diameters differ rather widely from the particle sizes conventionally 
assigned to these settling velocities. 

One setting of the rule converts depth and time into —log v, and a sec- 
ond setting through this value of —log v and the temperature gives the 
equivalent diameter. This process may be inverted so as to convert this 
equivalent diameter into —log v at some other temperature and thus a 
new series of depth and time values. As an illustration a line through 
depth = 10 cm., time =8 hr. gives —log ?=3.46; a line through —log v== 
3.46 and t° C. =20 gives the equivalent diameter = 1.05 jjl. (This value 
is marked Int. I). Suppose it were desired to take an equivalent sample 
at 10° C., then the line through 10° C. and 1.95 m gives —log e = 3.57, and 
a further setting of the rule gives for 10 cm. a time of 10.3 hours. If it 
were necessary to sample at a different time, say 6 hours, then the line 
through 6 hours, and —log r = 3.57, gives as the required depth 5.8 cm. 

For the simple temperature correction of a known settling velocity 
Nomograph A is to be preferred as it is both simpler and more accurate. 
Nomograph B is intended primarily for the convenient interchange 
of units. 

It has been assumed that the temperature remains constant during 
the sedimentation. Appreciable temperature changes may produce large 
errors through complex convection currents. Where some fluctuation of 
temperature cannot be avoided, the mean temperature (or the mean of 
the maximum and minimum ) should be used for purposes of temperature 
correction. 

It is hoped to be able to publish copies of the Nomographs A and B in 
forms more suitable for withstanding laboratory usage. 


Printed in the United States of America by the Rumford Press. Concord, N. H. 
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STUDIES IN SOIL CULTIVATION. IV. 

A NEW FORM OF TRACTION DYNAMOMETER. 

By W. B. HAINES and B. A. KEEN. 

Soil Physics Department , Rothamsted Experimental Station. 

(With Two Text-figures and Plates XII and XIII.) 

Introduction. 

In the first paper of this series (i) a description was given of the Watson 
dynamometer, which was employed for certain developments in the 
application of dynamometer technique to problems of soil cultivation, 
described in the second and third papers (2). For the continuation and 
extension of the experiments to different types of work it became very 
necessary to employ a dynamometer more adaptable than the original. 
This was designed for tractor ploughing, when the line of draught between 
tractor and plough was close to and fairly parallel with the ground surface. 
The higher and sloping line of draught employed in horse traction 
rendered the Watson dynamometer useless for extension to this kind of 
work, and in any case it was much too heavy for the purpose. It was also 
desirable to improve the method of recording the draught, which 
required constant and careful attention, especially in adverse conditions. 
A new dynamometer evolved to overcome these objections is described 
in the present paper. It is very light and portable, but of robust con- 
struction, and by a simple adjustment can be made to cover all ranges 
of draught from the heaviest to the lightest with the same percentage 
accuracy. The number of moving parts is very small and adjustments 
for stylus pressure, etc. — an inconvenient and frequent necessity with 
other instruments — are very rarely necessary. The system of recording 
employed is quite unaffected by weather or soil conditions. The apparatus 
has been very fully tested, and has been found very satisfactory. Its 
adaptability for different types of work is shown by its use at Rothamsted 
for horse ploughing investigations and, in India, for heavy mole drainage 
trials. It has been placed on the market by the Cambridge Instrument 
Company. 

Description of the Dynamometer. 

The dynamometer consists of three main parts : (a) a hydraulic link, 
in the form of a piston and cylinder containing oil, placed in the hitch 
of the implement; (6) the mechanism that records the fluctuations of 



W. B. Haines and B. A. Keen 725 

pressure on the oil as the implement is drawn forward; (c) control box, 
carried by the operator. 

Copper tubing containing oil is used to transmit the pressure in the 
hydraulic link to the recording mechanism. The tubing is coiled in a 
spiral, so that alterations in the relative positions of link and recorder 
during work can occur without any strain on the apparatus. This 
arrangement also allows the recorder to be disposed in any convenient 
position. 

The general arrangement of the constituent parts is shown in PI. XII, 
fig. 1 , anddiagrammaticallyin Fig. 1 . Referring to the figure, the hydraulic 
link A, is shown on the left. No serious disturbance is produced in the 



line of draught when this is introduced into the hitch of an implement 
as its weight is only 16 lb., and the extra length entailed (about one foot) 
can, if necessary, be compensated by removing a few links from the 
hitch chain. A hollow leather collar is fixed over the end of the cylinder 
and the protruding portion of the piston, to prevent the entry of dust 
and water. The pressure is transmitted through the oil in the flexible 
copper tubing (not shown coiled in the diagram) to a Bourdon tube ( C ) 
also containing oil, and bent into the arc of a circle. The variations in 
oil pressure produce changes in the curvature of the arc, and in con- 
sequence, alterations in length of the chord. This change of length is 
very small, and is therefore directly proportional to the oil pressure, and 
thus to the soil resistance. The change of length is magnified and recorded 
by the mechanism B which is the well-known Stress Recorder manu- 
factured by the Cambridge Instrument Company. The Bourdon tube is 



726 


Studies in Soil Cultivation . TV 


rigidly bolted at its left-hand end to the frame of the Recorder, while 
the right-hand end is bolted to a floating stage. Three interchangeable 
Bourdon tubes are provided, of different strengths for use in light, 
medium and heavy work, respectively. The floating stage is supported 
by three steel pillars whose diameter is reduced at the points shown, to 
allow the stage to move to and fro in response to the extension and 
contraction of the Bourdon tube. This movement is magnified and 
transmitted to the recording arm D by a simple and robust system of 
two knife-edge levers. Attached to the upper portion of the arm is a 
very small rounded stylus, pressing against a celluloid ribbon 11 mm. 
wide that is advanced continuously by clockwork within the recorder 
casing. The speed of the clock can be varied within wide limits by 
turning an indicator on the recorder, and it can be started or stopped 
by an electrical control. The stylus does not scratch the celluloid, but 
causes it to flow plastically, so that the trace is impressed in the form of 
a grove bounded on each side by a small ridge. The line of zero draught 
can be adjusted by the small milled-head shown on the right of the 
floating stage, while the pressure of the stylus on the celluloid is adjusted, 
if necessary, by a second screw, not shown in Fig. 1. This method of 
recording has very great advantages, for the trace is permanent, and is 
unaffected by oil, dirt, or water. If necessary the celluloid ribbon can be 
cleaned by dipping it in water and wiping it dry with a cloth. 

The small movement of the floating stage and the simple lever system 
of magnification result in the movement of the recording stylus being 
proportional to the stress applied to the hydraulic link. Direct cali- 
bration curves connecting stylus position and stress were obtained by 
suspending the link vertically, adding equal increments of weight up to 
the maximum, and then reducing the load by equal amounts to zero. 
The calibration curves for increasing and decreasing stress were linear, 
and identical. 

In addition to the stress-recording stylus there are two others, that 
operate on the back of the ribbon, to avoid fouling the main stylus. 
One is used for recording time intervals and the other for position marks, 
and both are controlled electrically. 

The three controlling circuits — clock for chart movements, time- 
recording clock, and position-recording key — are governed from the 
control box E, weighing only 4 lb., and carried in a light harness by the 
operator. The box carries (a) a switch for starting or stopping the chart, 
(b) a clock that momentarily closes, at ten second intervals, the circuit 
operating the time stylus, and ( c ) a tapping key for closing the circuit 
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operating the position stylus. The tapping key is used for recording 
position marks, passage from one plot to another, etc., and for marking 
on the chart in the Morse code any other details of importance. This 
feature is valuable: not only does it eliminate any possibility of confusion 
when the records of a complicated experiment are examined in the 
laboratory, but it also serves for recording important notes on the soil 
conditions, the behaviour of the implements, etc., that would otherwise 
have to be entered in a notebook while the experiment was actually 
in progress. 

The three circuits have a common return wire, and are brought out 
to the four terminals of an ordinary wireless valve holder, so that a 
convenient and automatically correct connection can be made through 
a four-pin plug to the cables from the recorder. The cables are joined into 
one strand and lightly armoured for protection. The current for the 
circuits is provided by a six volt battery I\ that can be carried in any 
convenient position. The low internal resistance type of dry battery is 
quite suitable for the purpose. In Fig. 1 and PI. XII, fig. 1 they are shown 
in a leather case, riveted to a surcingle so that they may be carried on the 
back of the horse. For tractor ploughing the batteries would be carried 
on the tailboard, in which case they would be more conveniently connected 
to the two terminals shown on top of the control box. 

A direct reading pressure dial gauge can be introduced if required 
into the oil system at any convenient point, or can be attached to the 
hydraulic link in place of the copper tubing and the recorder. Two such 
gauges, for heavy and light work respectively, and calibrated to give 
directly the pull applied to the hydraulic link, are shown as part of the 
dynamometer accessories in PI. XII. Its main use is for purposes of 
demonstration, or for the securing of preliminary information. The 
limitations of a direct reading gauge as compared with a recording device 
are discussed later. 


Assembly for Field Work. 

The method of assembly for field work is as follows. The hydraulic 
link is connected into the hitch, and the stress recorder, which weighs only 
15 lb., is strapped in any convenient position on the implement, e.g. the 
beam of a plough, or the frame of a cultivator, care being taken to pad 
it with a roll of felt against mechanical shock, since the stylus responds 
to such vibrations. The Bourdon tube must also be unrestricted, and not 
liable to any casual contact with the implement. The link and the 
recorder are then connected by the spiral of copper tubing. This is 
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provided in fairly short lengths with screw unions so that it can be easily 
adapted to varying dispositions of the link and recorder. It is also 
necessary to tie down the tubing to some support at a short distance 
from each of the two ends, so that strains produced when turning at the 
headlands are not concentrated at these points but properly taken up in 
the spiral part of the tubing. 

The whole system is then filled with oil from an oil-gun. The batteries 
are mounted, and if necessary the cables tied with string to suitable 
points to prevent them from dragging on the ground or fouling the 
implement. The operator then straps on the control box, inserts the 
four-pin plug into the socket and gives the signal for work to begin. 

A photograph of the dynamometer in use for horse ploughing is 
reproduced in PL XII, fig. 2. 

The operator walks beside the implement, using the tapping key to 
record on the chart the points of passage past pre-arranged points. For 
the general work, these points arc previously fixed by stakes placed in 
the ground at suitable places. The tapping key is also used, as previously 
mentioned, for Morse code notes of the work. 

The celluloid ribbon passes out through a slot in the recorder, and 
convenient lengths of it can be cut off at intervals. A low power micro- 
scope is provided in the kit, so that the record can be examined in detail 
to check the correct functioning of the recorder. The portability of the 
complete equipment may be judged from PI. XIII, showing it packed 
for transit, in a strong oak box, of outside dimensions 21 x 15 x 14 in. 
The total weight, including spare oil, tool bag (carried in the box but 
not shown in the photograph) is under 100 lb. 

Laboratory Examination of the Records. 

The examination and reduction of the records is done in the laboratory. 
The trace is too small for direct integration, so this process must be 
carried out on enlarged copies. The optical properties of the groove and 
flanking ridges that constitute the actual trace on the celluloid give rise 
to a very clear and sharp magnified image, that can be taken on sensitive 
paper, or copied by hand. In many uses of the Stress Recorder, requiring 
an intensive examination of the stresses during a short interval, the 
photographic method of enlargement has been found best. But the 
nature of the problem in soil resistance measurements is quite different. 
Although minor fluctuations in resistance can be recorded with great 
fidelity, their exact significance refers primarily to the occurrence of 
stones in the soil, to the gait of the horses and other casual factors, 
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Ki«j. 2. Tli<‘ dynamometer as nrraiUM'd for horse- plough inn measurements. 
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whereas the present interest of the results for soil research lies in the 
mean values of soil resistance obtained from extended records. 

The method we have adopted is to use a low power microscope and 
camera lucida to transfer an enlarged image (x 34) of the trace to paper, 
after which it can be divided into its sections as shown by the position 
marks, and the mean stress of each section calculated by integrating the 
area with a planimeter, and applying the linear calibration factor. The 
chart is fed, a step at a time, between two glass plates, mounted a short 
distance apart, that serve to keep it flat and retain it in position. 

With the ribbon speed employed in horse work it is possible to get 
two adjacent sections of the trace, each representing about twenty-two 
yards of ploughing, into the field of view at the same time. 

The Character of the Record under Different Conditions. 

The whole question of the amount of detail to record in the stress 
fluctuations either on the trace itself, or in the enlarged copy, requires 
some judgment to obtain the best results. The instrument is capable of 
recording stress fluctuations in full detail, if filled with thin oil, and run 
with a chart speed high enough to open out the trace. Conversely the 
fluctuations in the record may be smoothed or damped out to any 
required extent by the use of thick oil, and by introducing a needle valve 
constriction in the copper tubing. Damping, however, makes the instru- 
ment sluggish, and when it was carried to the point of smoothing out 
all minor fluctuations, the time lag introduced between the application 
of the stress at the link and the complete response of the recorder was 
found to be twenty seconds. For horse work this corresponds to a distance 
of twenty yards or more, and the position marks impressed on the chart 
would refer, not to the part of the soil resistance trace immediately 
above them, but to a part some indefinite distance along the trace. 

The details of the trace are also obscured if the record is condensed 
by using a slow chart speed, yet a reasonably condensed record is 
desirable for enlargement, since the field of the microscope then covers 
a good portion of the work. With a little experience a good compromise 
between these opposing requirements can be secured. In general a chart 
speed of about 1/4000 that of the implement gives good results. This is 
equivalent to one yard of chart for each two and a half miles travel of 
the implement. In horse ploughing this relation implies a chart speed 
of about 0*6 in. or 15 mm. per minute. With tractor or steam power 
implements, a faster chart speed is needed. For the dimensions of the 
copper tubing usually employed (length about 150 cm., internal diameter 
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4 mm.), an ordinary engine lubricating oil is quite suitable for the pressure 
system in winter, but it is desirable to thicken it with gear oil in the 
warmer months. 

The above remarks are illustrated by Fig. 2, showing different types 
of trace obtained with a horse plough. They are facsimile reproductions 
obtained with microscope and camera lucida as already described. As 
reproduced in Fig. 2 the magnification is about 10 diameters; a piece of 
the original trace is reproduced at E to the same scale, for comparison. In 
each of the enlarged traces the dotted line shows the position of the line of 
zero draught. The two straight full lines are the time and position scales. 

The effect of damping is shown in a comparison of traces A , B and Z>, 
that refer respectively to normal, insufficient, and excessive damping. 
Trace B was obtained with thin oil and in warm weather; the record is 
characterised by many sharp changes in direction of the stylus movement, 
as it follows the abrupt changes in soil resistance. Trace A shows a 
normal amount of damping. The amplitude of the short period fluctua- 
tions is somewhat reduced and the sharp points are now somewhat 
rounded. A trace of this type is much easier to integrate with a plani- 
meter than trace B, while the contribution to the total area of the areas 
within the sharp peaks is so small that their omission is unimportant. 
The time lag corresponding to trace A is not too large, as may be seen 
by the quick rise of the trace from the zero-draught line when the plough 
enters its work. Trace I) shows excessive damping. The minor fluctuations 
have largely disappeared, and the trace takes about 20 sec. (two marks 
on the time scale) to rise to its full value. 

The effect of the type of work itself on the character of the record 
is illustrated in traces F, (7, (■ and B. 

Trace F is a typical record on Rothamsted soil, a heavy loam with 
numerous flints, and shows the jerky “harsh” nature of the pull; trace G 
shows the much smoother pull characteristic of the Woburn sandy soil. 
Trace G is a record of work on Rothamsted soil with a ridging plough 
that was used in the early spring to break up old weathered furrows, 
containing much turf. It shows large fluctuations due to the uneven 
nature of the work, but the record is much more rounded than that in 
trace F. This is due to masses of turf acting as semi-plastic pads or 
buffers to the motion of the implement through the soil, and in con- 
sequence smoothing out the rapid fluctuations in pull. Trace C also 
demonstrates the use of the position marks for the indentification of 
particular portions of the record. Two such marks (each consisting of a 
double dot) are shown, specifying the beginning and end of plot B, that 
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is indicated in the Morse code ( ). The position marks referred to 

the passage across the open furrows of the former ploughing ; the drop in 
draught as the plough crosses these trenches is well shown, and the 
absence of any time lag is also demonstrated. 

Trace B further illustrates the relation between the nature of the work 
and the type of record. The record falls obviously into two sections 
separated by the position mark (*•), that represents the boundary 
between a stubble badly infested with couch grass (on the left), and a 
fallow, well cultivated portion (on the right). The latter is marked in 
Morse code with the first four letters of the word “fallow.” On the 
stubble section the matted grass and clods of soil obstructed the plough, 
causing wide and erratic fluctuations in pull, covering a range of about 
300 lb., which, by reference to the zero-draught line, is seen to represent 
over half the average value. On passing to the fallow portion, the 
implement travels normally, and the fluctuations at once settle down to 
the much smaller range of about 90 lb. 

The Limitations of a Direct-readino Dynamometer. 

The question whether the addition of a recording instrument could 
be avoided by taking the readings direct from the pressure-gauge 
attachment, can now be considered in the light of the above discussion. 

It is evident, for the type of investigation dealt with in this series 
of papers, that it would be quite impossible to take accurate readings 
from a pointer that is rapidly fluctuating over half its total range, and 
even if this were possible the readings could not be taken down rapidly 
enough to secure a good mean for small-sized plots. Quite apart from 
this, the noting of position marks, speed of work, and other details would 
necessitate at least one extra observer and very practised and efficient 
co-operation if the results were to be reliable. Any method of damping 
the fluctuations sufficiently to make direct reading possible, quite spoils 
the coincidence between recorded draw bar pull and field position. There 
appears no escape from the conclusion that integrated records of a self- 
recordipg instrument are essential for reliable results, although for simple 
field demonstrations over a large area, a direct reading implement with 
heavy damping can usefully be employed. 

Summary. 

A new and improved type of dynamometer is described which by 
a simple interchange of parts can be used with the same percentage 
accuracy tor all types of work from the lightest to the heaviest. 
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The instrument consists of (a) an hydraulic link weighing 16 lb. and 
placed in the hitch, (b) a recording mechanism weighing 15 lb. carried 
on any convenient part of the implement, and (c) a control box weighing 
4 lb. carried by the operator. When packed in a stout box for transit 
and with all accessories the total weight is less than 100 lb. The instru- 
ment is of robust construction and has a minimum number of moving 
parts. Adjustments for stylus pressure, etc., are provided, but the 
necessity for using them hardly ever arises. 

The instrument operates by recording the amount of movement in 
a Bourdon tube filled with oil and connected by narrow bore copper 
tubing to the oil in the hydraulic link. 

The recording mechanism has been adapted from the Cambridge 
Instrument Company’s Stress Recorder. The trace is impressed on a 
narrow, moving celluloid ribbon, and is permanent, and also unaffected 
by water, oil, or dirt. The optical properties of the trace give a clear 
and sharp magnified image, which can be traced by hand or photographed 
for purposes of integration. The construction of the instrument is such 
that the movement of the recording stylus is directly proportional to 
the stress applied to the hydraulic link. 

In addition to this record of draught two other records, operated 
(dectromagnetically, are impressed on the ribbon : (a) a time trace showing 
a mark for each ten seconds, and (b) a position trace on which the passage 
from one plot to another is marked, and on which any field notes or 
other details are impressed in the Morse code by means of a tapping key 
carried by the operator. The styluses for these two records operate on 
the back of the ribbon so that the motion of the stylus recording the 
draught is unobstructed. 

The method of magnifying the charts for integration with a plani- 
meter is described, and typical records are reproduced, showing the 
character of the trace for different types of work, and the relation 
between the amount of detail on the trace and the degree of damping 
introduced into the oil system. 
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1. Introduction. 


Attempts have been made by many workers to assess the general 
character of a soil by measuring one property (or one group of properties) 
thus specifying the soil by a single number, in place of the group of 
figures obtained from a detailed mechanical analysis. Such measure- 
ments will be referred to in this paper as “single value ” determinations. 

At present there is no accepted standard physical specification of soil 
except its mechanical analysis by some recognised method, and this is 
not a single value function. Although useful information can be extracted 
from the mechanical analysis as to the probable field behaviour of the 
soil and its general characteristics, the conclusions are not quantitative 
or absolute: a good deal of personal judgment, based on previous 
experience, must be exercised in the interpretations, and, to add to the 
difficulty, many so-called standard methods do not secure complete 
disintegration of the soil aggregates. The use of hydrogen peroxide, 
introduced by Robinson (l), and now adopted in the British (2) and 
International methods (3), has removed the latter difficulty, but Oden’s (4) 
noteworthy attempt to express mechanical composition as a continuous 
function of particle size has not, as yet, overcome the serious inherent 
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experimental error detected by Coutts and Crowther(5). It is therefore 
still necessary to express the results of a mechanical analysis as a limited 
number of groups of particles having specified diameter limits, and this 
is a crude and unsatisfactory basis for a standard physical specification. 

Numerous attempts have been made to use some single value basis 
of specification. They have been based either on the measurement of 
moisture content or moisture relationships under defined experimental 
conditions, or on the colloidal properties of the soil. The hygroscopic 
coefficient, moisture equivalent, and wilting coefficient, due largely to 
Briggs and his associates, are among the well-known examples of the 
former class whose significance has already been discussed by one of us (6). 
To these may be added, as typical later examples, the rate of evaporation 
at a given moisture content (7), and the so-called “suction-force” of the 
soil for water (8). 

Measurements depending more or less on the colloidal properties of 
the soil are its power of dye absorption (9), the heat of wetting (10), the 
shrinkage of a kneaded block of moist soil(ii), and the “sticky point,” 
defined as the moisture content at which kneaded moist soil just ceases 
to adhere to external objects (12). 

There are objections to the use of some of the above determinations 
as single value constants. 

The hygroscopic coefficient is an unsound conception, and the values 
customarily reported are not equilibrium values at all (13). The wilting 
coefficient was shown by the work of Alway(ii) and Shull (ir*) to be a 
complex determination into which the soil, the plant, and the atmospheric 
conditions all enter. 

In spite of certain empirical details the moisture equivalent has 
attractions as a single value measurement; Cameron and Gallagher (16) 
showed that it was approximately equal to the practical “optimum 
moisture content” for plant growth, and more recently Shaw(i7) has 
shown that the equilibrium moisture content in irrigated soil where no 
ground water table exists is also equal to the moisture equivalent. The 
fact that few soil laboratories can afford the cost of the apparatus led 
us to exclude this determination from our present investigation. 

The rate of evaporation at a given moisture content is not a suitable 
measurement, for recent critical examination (is) shows that extreme care 
is required to obtain reproducible results, and in any case they are 
difficult to interpret. The work of Haines (19) and R. A. Fisher (20) has 
elucidated the true nature of the so-called “suction-force,” and it is 
evident that it will not serve for our present purpose. 
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As originally introduced, measurement of dye absorption was based 
on the theory of a simple physical adsorption, with the idea that com- 
parisons of effective particle surface between different soils would be 
possible; this concept has long since been abandoned. The same idea is 
implicit in the heat of wetting determination; Bouyoucos (io t>) and other 
workers have devoted much attention to this measurement, which has 
some attractive features. However, the results of some work at Rotham- 
sted, at present unpublished, led us to exclude it, for the time being, 
from our list of suitable methods. 

The shrinkage of a plastic block, and the sticky point measurement 
were included in our investigations and are discussed below. 

2. Scope of the Present Investigation. 

The single values selected for study were those that could be measured 
with simple apparatus, and which were either known to be measuring 
some definite soil characteristic or seemed to offer promise of doing so. 

The determinations made were as follows: 

Percentage of clay fraction 1 (C). 

Moisture content of air-dry soil (A). 

Moisture content in equilibrium with atmosphere of 50 per cent, 
relative humidity (R). 

Loss on ignition of dry soil (I). 

Moisture content at sticky point ( S ). 

Haines’ method for volume shrinkage (ii c) was also used to obtain the 
following derived quantities : 

Moisture content of saturated block (m). 

Pore space of oven-dried block (P). 

Apparent specific gravity of block (a). 

True specific gravity of block (p). 

Where necessary the suffixes o and p are used to distinguish between 
values for original soils and those treated with hydrogen peroxide as 
described immediately below. 

The ^percentage of calcium carbonate in the soils was also determined. 

A number of other measurements were made which are referred to 
in the body of the paper. 

1 The experiments were completed before the Revised British Official Method of 
Mechanical Analysis ( Agricultural Progress (2 e)) was adopted. The clay figures are those 
obtained by the earlier method (Agricultural Progress (2 6)). The values for the clay content 
given in this paper are therefore less than they would have been with the new method, 
but the differences are relatively small and do not appreciably affect any of the conclusions 
that have been drawn. 
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The most important feature of the present investigation, apart from 
the careful selection of suitable single value determinations, was the 
repetition of the measurements after the soils had been treated with 
hydrogen peroxide. It is evident that both organic matter and the 
mineral part of the soil are concerned to varying degrees in all single 
value measurements, and until recently there has been no experimental 
means of separately assessing the effects. For this purpose the use of 
hydrogen peroxide appeared well worthy of extended trial, since, in any 
single value determination, the difference in results for the original soil 
and the peroxide treated soil would give a direct indication of the 
contribution of the organic matter to the value. This implies, however, 
that the peroxide is without effect on the mineral portion of the soil. 
The assumption is not strictly true : a small amount of mineral material 
is dissolved that comes principally from the clay fraction and consists 
of mixed sesquioxide and a small quantity of silica (2 a). It is not yet 
definitely known whether the removal of this material appreciably alters 
the physical and physico-chemical properties of the mineral portion of 
the soil, but the available evidence is rather against this possibility. 

In the present investigations, therefore, it has been assumed that 
peroxide has removed humified organic material without affecting the 
physical properties of the mineral part of the soil. 

3. The Soils used. 

In all, 39 soils were subjected to the complete set of measurements 
outlined above, both on original and peroxide treated samples. The soils 
selected showed a wide range of type and properties, varying from heavy 
clays to light sands, a number of samples from depths below the top soil 
were also included, together with certain Rothamsted and Woburn soils 
that differed widely in manurial treatment. 

Prior to the experiments all the soils were air dried and passed 
through a 1 mm. sieve with round holes. 

Table I gives a descriptive list of the soils employed, which are top 
soils unless otherwise stated. 

4. Description of Methods. 

Percentage of clay (C). This was determined on the old basis for this 
fraction (settling velocity 8-6 cm. in 24 hours at 15° C.) in the usual way. 

Air-dry moisture content (A), moisture at 50 per cent, relative humidity 
( R ) and loss on ignition (I). The air-dry moisture content was determined 
in the ordinary way, the soil being heated 24 hours in a steam oven. 
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Table I. List of soils used. 


Soil 

No. Looality 

1 Cwybr Fawr, Rhyl, Wales, F. 86 

2 Chwaen Goch, Llanerchymedd, Anglesey, 

Wales, A. 132 

3 Garforth, Yorks, 34 

4 Garforth, Yorks, 113 

5 Woburn, Stackyard Field. Unmanured 

6 Woburn, Stackyard Field. Farmyard 

manure 

7 Rothamsted, Hoosfiold Fallow. 9—18 in. 

8 Rothamsted, Hoosfield Whoat. 9-1 3 J in. 

9 Rothamsted, Barnfiold. Farmyard 

manure. 0-9 in. 

10 Rothamsted Sawyers Field 

11 Melchet Court 

12 Craibstone, Aberdeen 

13 Craibstone, Aberdeen 

14 Craibstone, Abordeen 

15 Craibstone, Aberdeen 

1G Vaynol, near Bangor, Wales 

17 Deep excavation in Oxford Stroot, London 

18 Wad Medani, Sudan 

19 Mikvch, Palestine 

20 Harpenden Common 

21 — 

22 Dagenham, Essex. 107 

23 Dagenham, Essex. 107 

24 White Roding, Essex. 72 

25 White Roding, Essex. 72 

26 Abbess Roding, Essex. 73 

27 Abbess Roding, Essex. 73 

28 Thundersley, Essex. 117 

29 Thundersley, Essex. 117 

30 Rochford, Essox. 127 

31 Rochford, Essex. 127 

32 Ardieigh, Essex. 162 

33 Ardieigh, Essex. 162 

34 Beaumont-cum-Moze, Essex. 172 

35 Beaumont-cum-Moze, Essex. 172 

36 St Osyth, Essex. 177 

37 St Osyth, Essex. 177 

38 Gt Wigborough, Essex. 183 

39 Gt Wigborough, Essox. 183 


Type 

Sandy loam, Triassic drift 
Silt loam, Ordovician shales 

Clay loam, Coal measures 
Light loam, Coal measures 
Light sand, Lower greensand 
Light sand, Lower greensand 

Heavy loam. Subsoil, Clay with flints 
Heavy loam. Subsoil, Clay with flints 
Heavy loam. Subsoil, Clay with flints 

Heavy loam. Clay with flints 
Sandy soil 

Light sand. Limod, Granitic drift 
Light sand. Unlimed, Granitic drift 
Light sand. Limed subsoil, granitic 
drift 

Light sand. Unlimed subsoil. Granitic 
drift 

Raw subsoil. Heavy Carboniferous 
Limestone clay 
London clay 
Gezira soil (badobo) 

“Argileuze” (0-30 cm.) 

Clay with flints 
Kaolin (B.D.H. purified) 

Recent gravel 
Subsoil, recent gravel 
Boulder clay 
Subsoil, Boulder clay 
Boulder clay 
Subsoil, Boulder clay 
Bagshot 

Subsoil, Bagshot 
Brickearth 
Subsoil, Brickearth 
Glacial loam 
Subsoil, Glacial loam 
Alluvium 
Subsoil, Alluvium 
Marsh alluvium 
Subsoil, Marsh alluvium 
London clay 
Subsoil, London clay 


The moisture content at 50 per cent, relative humidity was deter- 
mined as follows : 

About 10 gm. of the air-dry soil were placed in a squat weighing 
bottle and exposed over sulphuric acid (density 1-3325 at 15° C.) in a 
vacuum desiccator kept in a dark room at approximately constant 
temperature. Equilibrium was assumed to be reached when the weight 
did not change by more than 1 mgm. in 2 days. The weighing bottles 
were then transferred to a second vacuum desiccator containing con- 
centrated sulphuric acid and allowed to reach equilibrium as before. 
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A portion of this dried soil was transferred to a silica basin, and 
ignited in the muffle at a bright red heat, cooled and weighed. 

The final weighings for the soil after reaching equilibrium in the 
desiccators are probably accurate to two or three milligrams, and the 
results are therefore reliable to about 0-02 per cent. The loss on ignition, 
however, is far less accurate, and there is some uncertainty in the end 
point even after prolonged ignition at bright red heat. Increasing the 
period by successive three-hour periods up to 12 hours gave, in most 
cases, increasing loss on ignition, but with certain soils there was some- 
times an increase in weight when the time was lengthened, presumably 
on account of the oxidation of some residual constituent of the soil. 
On account of these fluctuations the accuracy of the final figures cannot 
be higher than about 0*2 per cent. 

Sticky point (S). Although with practice the recognition of this point 
becomes an easy matter except for a few soils, the determination requires 
a certain amount of care if the results of different observers are to be 
comparable. Tests of this point are discussed separately below in 
Section 5 (d). A large number of experiments were first carried out with 
a small model mixing machine of the type used for dough and cordite, 
in which two horizontal shafts furnished with paddles and placed at the 
base of the machine, revolve inwards at different speeds. This machine 
effects a very thorough mixing of the soil and added water, but was 
unsuitable for our purpose because of the quantity of soil required (about 
100 gtn.) and the inconvenience caused by the dismantling and cleaning 
of the apparatus between the determinations for each soil. After several 
methods had been tried the following was adopted as standard: about 
10 gm. of soil were spread in a thin layer on a glass plate and distilled 
water was added from a fine jet until the soil was definitely wet and 
sticky. The mass was then worked into a paste with a knife spatula. 
The wooden handled palette knife type with a flexible steel blade about 
13 cm. long and 2J cm. broad was found very suitable for this purpose. 
The mass was then scraped from the plate and kneaded by hand until 
the soil just reached the stage at which it no longer stuck to the hands or 
the knife. At this stage it was possible to cut cleanly through the plastic 
mass with the knife. As already mentioned, this point could with a little 
practice be readily identified 1 . 

1 In the earlier trials with the mixing machine the attainment of this condition was 
signalised by a perceptible cleaning-up of the metal base and sides of the apparatus, and 
it was because this observation was less likely to be influenced by personal judgment than 
the behaviour of the soil in the hands of the experimenter that the machine was tried in 
the first instance. 

Joum. Agrio. Soi. xvm 
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A sample of the kneaded soil, after weighing, was dried in the steam 
oven to determine the moisture content. At least two determinations 
were made for each soil, and they did not generally differ from each 
other by more than 1 per cent. 

Determination of derived quantities from volume shrinkage experiments. 
The volume shrinkage of the soil was determined by the method described 
by Haines (li c). From these data it is possible to calculate the pore 
space ( P ) of the oven-dried block, and the apparent and true specific 
gravities (cr, p) of the block (either before or after oven drying). An 
important characteristic of the shrinkage curve, depending upon the 
type of the soil, is defined by the moisture content (m) at which the 
first reading is taken. 

Peroxide treated soils. With the exception of the air-dry moisture 
content, and the mechanical analysis (in which the peroxide and acid 
treatment were naturally used), the above observations were repeated 
on the soils after treatment with peroxide. The treatment followed that 
laid down in the British method of mechanical analysis (2 a), except that 
no acid was used. The soils were washed, dried at room temperature, 
and the dried cake was disintegrated with a wooden pestle. 

5. Discussion of Experimental Results. 

The data obtained are shown in Table '11. As a preliminary, scatter 
diagrams were drawn to obtain some idea of the association between 
possible pairs of the experimental quantities, and the rough conclusions 
from these diagrams showed which associations were worth closer 
examination. It will be convenient to discuss firstly a number of smaller 
points before entering on the main examination of the data: 

The moisture content (m) at the highest reading of the shrinkage 
curve is not a very sharply defined point but it is obviously closely 
related to the sticky point of the soil, and gives a high correlation with 
that quantity. Hence the length of the shrinkage curve can most usefully 
be defined by extrapolation to the latter value. Similarly the values for 
the air-dry moisture content (A) are closely related to the equilibrium 
moisture content at 50 per cent, relative humidity ( R ). The quantities (A) 
and (m) therefore need not be further considered. 

The pore space as measured by the shrinkage experiment is not that 
of the soil in its normal state, but of a well-kneaded block. A measure- 
ment of pore space and the related quantities of real and apparent 
specific gravity in conditions similar to the field state was developed by 
one of us in an earlier paper (21), working with a series of successive depth 
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samples of one soil, that were gently packed into small vessels perforated 
at the bottom, and placed in water. In these preliminary measurements 
the percentage of clay appeared to be inversely related to the apparent 
specific gravity and directly related to the pore space. Marchand(22), 
using the same method, did not confirm the former result with a series 
of Transvaal soils, but he did obtain a high correlation between clay and 
pore space. 



Fig. 1. Relation between organic carbon content and decrease in pore space 
after peroxide treatment. 

In the present work there is no such relation between clay content 
and pore space in the dried plastic block, either for the original or the 
peroxide samples. It is evident that the thorough kneading tends to 
break down any compound particle structure and to encourage the 
individual grain to slip into closer packing. The bulk of the values for 
pore space fall around the average of roughly 26 per cent., although the 
clay and the organic matter contents vary widely. It is significant that 
the pore space of the peroxide treated soils is lower than that of the 
original samples in every case except two, and one of these (kaolin) is 
well within experimental error. This decrease may be attributed in a 
general way to the removal of the humified organic matter, permitting 
the individual mineral particles to slip into even closer packing than 
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before under the influence of the thorough kneading. The average 
reduction of pore space is 4-5 per cent. The reduction for the individual 
soil has been compared with the difference in the ignition values for the 
original and peroxide treated samples, which is a measure of the amount 
of humus removed by peroxide, but the correlation is hardly significant; 
the values for at least 10 of the soils fall widely away from the mean 
curve connecting the two variables. The figures for the organic carbon 
content of a certain number of the soils are available, and these show a 
close correlation with the decrease in pore space (Fig. 1), but the possi- 
bility that the complete series would show' no better correlation than 
that of the ignition loss cannot be ignored. In any case the behaviour 
of the highly organic soils such as No. 36 (St Osyth Marsh top soil) 
requires further investigation: the pore space is increased from 21-9 to 
25*6 per cent, after the action of peroxide. 

(a) General examination of data. 

The results of the complete examination of the associations between 
the different quantities can be expressed as correlation coefficients. 
From the scatter diagrams it appeared that the most important 
quantities were the percentage of clay (C), the moisture content at 
50 per cent, relative humidity ( R ), the loss on ignition (I) and the 
sticky point ( S ). 

Taking these in pairs, six correlations are possible, whose values are 
shown both for original and peroxide treated samples in Table III. 


Table III. Correlation coefficients between pairs of quantities. 


A. 

Original soil 



Pc 

B. 

Toxide treated soil 

A 

' I It 



I 

R S ' 

C -304 -719 

•317 

C 

•062 

•760 -075 

I — -388 

•805 

1 

— 

•386 -879 

It — — 

•503 

R 

— 

— -584 

All these coefficients are 

definitely significant 1 ; the 

i lowest (r CtS — 0*317) 


has a probability of more than 50 to 1. The table expresses the fact that 
in general the heavy clay soils have the highest ignition losses, moisture 
contents, and sticky points. It is significant that while four of the 
relationships are not appreciably altered by treatment of the soil with 
peroxide, the remaining two, connecting the clay content ( C ) with loss 
on ignition (I) and sticky point ( S ), are definitely increased. A closer 

1 The method followed is given in Statistical Methods for Research Workers, Ii. A. Fisher. 
(Oliver and Boyd, Edin. 15s.) 
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relation between C and I would certainly be expected, as with the 
removal of humified organic matter from the soil by peroxide the ignition 
loss will fall mainly on the clay fraction. The increased correlation 
between C and S indicates that the sticky point value is controlled both 
by the organic matter and some property related to the clay content. 
This point is returned to in more detail below (Section 5 (c)). 

The highest correlations are between C and R , and between S and I ; 
this is especially the case with the original soils. Taking partial correlation 
coefficients the association can be found between R and C when 7 is 
eliminated and between S and I when C is eliminated. The results are: 

r si.v ~ O-SA 
r RC j ~ 0*073. 

On the other hand the association between R and I when C is eliminated 
and between S and C when I is eliminated are practically negligible : 

r R i.c - 0-194, 

r.sc.i ** 01 55. 

These four results lead to the important conclusion that the value 
of the sticky point is largely controlled by the material in the soil that 
is driven off by ignition, while the moisture content in the soil at half 
saturation vapour pressure (a value that is close to the “air”-dry 
moisture content) is controlled much more by the clay content as 
determined in a mechanical analysis. 

Further confirmation of this distinction is afforded by the negligible 
correlations between I and R when S is eliminated and between S and C 
when R is eliminated: 

r m.s ^ d‘095, 
r SCR = 0-015. 

The association of the water contents represented by R and S mainly 
with the clay and ignitable material respectively, points to a difference 
of degree if not of kind in the manner in which the water is held in the 
two cases. In conformity with both direct and indirect measurements 
of vapour pressure of moist soils (13 a, i3r), the moisture represented by 
R may be regarded as held in the minute interstices and capillaries 
between the clay particles, while the moisture content S is held by the 
colloidal material which includes the organic colloids of the humic 
material and the inorganic colloids of the clay fraction. It should be 
unnecessary to point out that there is no sharp line of separation between 
the two water contents, as quite apart from other considerations, this 
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would imply that only the two quantities — clay and loss on ignition — 
were influencing the results. As it happens, the correlation between S 
and R is still just significant when both C and I are eliminated: 

r sr.ic ~ 0 * 349 . 

However, the value of S obviously includes that part of the water held 
in the clay capillaries; if instead of S and R we obtain the correlation 
coefficient between (S — R) and /?, with / and C eliminated as before, 
the value falls below the level of significance: 

r (s - n) k.ic ' 0-140. 

The high correlations between C and /£, and / and therefore indicate 
a close causal association between the units of each pair of quantities. 

The above conclusions are generally borne out by the partial corre- 
lations for the peroxide treated samples. These are given in Table IV, in 
which the values for the original soils are repeated for comparison. 

Table IV. Partial correlation coefficients. 

Original soils IVrnxido (rratod soih 

?\ -7S2 

r rli , -7LM) 

r, s , -I .Vi -2(>0 

r „ { , -vm -:m 

Two other points of interest emerge from the comparison. In the 
original soils there is no apparent connection between I and R when C 
is eliminated, while in the peroxide treated sample the correlation is just 
significant (0-303). A possible explanation lies in the fact that in each 
case the ignition loss includes about the same amount of “constitutional 
water ” from the clay, which in the case of the peroxide treated samples 
forms the main contribution to the total ignition loss. It is reasonable 
to suppose that the “constitutional water” is related to the colloidal 
properties of the clay and therefore to its minute capillary or reticulate 
structure, in which the equilibrium moisture content denoted by R is 
retained. Hence a correlation between / and R would be expected when 
the so-called constitutional water forms an appreciable fraction of the 
total ignition loss. 

The second point to be noted is that the high correlation between 
C and S for the peroxide treated soils (Table III B) is reduced below 
the level of significance when the partial correlation coefficient between 
C and S eliminating I is obtained. 

(b) Relation between organic matter and single value determinations. 

The contribution of the organic matter in the soil to the various 
single values can now be discussed in more detail. In the first place the 
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relation between the difference in the ignition losses for the original and 
peroxide treated soils ( I 0 — If) and the actual organic matter content of 
the soil must be considered. As already mentioned a certain number of 
determinations of total carbon by the wet combustion method are 
available. The results, corrected for carbonate carbon, are shown in 
Table V, together with the total organic matter calculated on the con- 
ventional basis by multiplying the corrected carbon figure by 100/55. 


Table V. Relation between carbon content and ignition losses. 



DifFerenci* in 

Total carbon 

darbon content 

Total 


loss on ignition 

content, % on 

excluding car- 

organic, matter 

Soil 

Vo ll v) 

air-dry soil 

bonate carbon 

(carbon x 100/55 

1 

3*2 

2*59 

2*51 

4*5(5 

2 

4-78 

4 37 

4*37 

7*95 

3 

515 

3*53 

3*53 

<>•41 

4 

2*08 

1(51 

1(51 

2*92 

5 

1-40 

0-88 

0*88 

1*60 

6 

2*27 

1*43 

1*43 

2 60 

i 

000 

0*5(5 

0*5(5 

1*02 

9 

2-09 

2*81 

2*59 

4 71 

11 

2-48 

151 

1*51 

2*75 

12 

2-88 

4 14 

4*10 

7*45 

14 

i :i5 

2*95 

2*95 

5*3(5 

15 

1-53 

0*95 

0*95 

1*73 

l(i 

- 1-21 

2*50 

0*28 

0*51 

17 

5*28 

1 42 

1 28 

2*33 

18 

-0*52 

0*54 

0*29 

0*53 

10 

1*78 

1*41 

0*9(5 

1*75 

20 

5*53 

3*20 

3*20 

5*81 

20 

0*74 

8454 

8* (54 

15*70 


It is evident, from Table V, that the difference in ignition values 
before and after peroxide treatment is in general less than the total 
organic matter, if the values for the latter can be assumed as approxi- 
mately correct. The relation between total organic matter and (/ 0 — If) 
is shown in Fig. 2, which suggests that about 75 per cent, of the total 
organic matter is represented by (I 0 — If, or, in other words, is removed 
by peroxide treatment of the soils. The value agrees with estimates of 
other workers and will be adopted in the present paper. As it is not 
possible to give organic carbon values for all the soils it is desirable to 
point o\it that the fairly close relationship shown in Fig. 2 may not hold 
for the whole series for the reason already mentioned at the beginning 
of this section (p. 748). 

(c) Physical significance of the sticky point value. 

As the sticky point ( S ) is largely controlled by the ignitable material 
there should be a close correlation between the drop in its value as a 
result of peroxide treatment (S 0 — Sf and the values of (I 0 — /„). This 
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is so; the correlation coefficient between the two variables is 0*815. The 
sticky point is closely associated with the organic matter removed by 
peroxide and the ability to form an estimate of the actual amount so 
removed enables us to examine the relative contribution to the sticky 
point value of other factors besides organic matter. If we take the 
peroxide treated series we find, as already shown in Table III B, that 
the clay content 0, and the sticky point S v , are connected. The relation- 
ship is shown graphically in Fig. 3. Except for the four Craibstone soils 


O->(l570) 



Difference in ignition loss of original and treated soil 
Fig. 2. Relation between total organic matter and difference in ignition loss of original 

and peroxide treated soils. 

(Nos. 12, 13, 14, 15) and the highly organic marsh top soil (No. 36), 
whose sticky points are higher than the clay content w r ould lead one to 
expect, the connection between the two variables is quite close, and can 
be represented quite fairly as linear. The line cuts the axis of S P at about 
16 per cent, moisture content. 

This value represents the moisture content not associated with 
colloidal material, but present in the interstices of the plastic soil, i.e. 
the moisture content that would be held by a mass of sand worked up 
with water until its cohesion was about to disappear. The value of 
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16 per cent, is very close to 14-6 per cent, which is the calculated moisture 
content of an ideal soil in closest packing whose pore space is filled with 
water (23). The pore space of the ideal soil in closest packing is 26 per cent, 
and we have already seen that the average pore space for the original 
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Clay content 

Fig. 3. Relation between clay content and sticky point of peroxide treated soils. 

and peroxide treated samples is about 26 and 22 per cent, respectively. 
The process of kneading the soil in a sticky point determination produces 
a kind of statistical approximation to the condition in the ideal soil as 
far as the pore space is concerned, and hence we may with confidence 
identify the above mentioned moisture content of 16 per cent, as that 
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which occupies the pore space and is unassociated with colloidal material. 
This result is of interest in its bearing on Hardy’s earlier work on West 
Indian soils (12). He developed the equation 

m.h.c. = 23*5 + S, 

where m.h.c. = the moisture holding capacity, 

23*5 -- the film water, 

S — total colloidally imbibed water, 

which is identified with the sticky point determination on the assumption 
that, at the sticky point, the swollen colloidal material occupies all the 
space between the mineral grains. In a later paper ( 24 ) he recognised that 
the moisture content of the sticky point is not all associated with the 
colloidal material. On the basis of ideal soil calculations already de- 
scribed ( 23 ) the value of one-fifth, or 20 per cent, by weight, is taken as the 
intersticial moisture content for a coherent sand. The experimental values 
of 8 are therefore reduced by a figure equal to one-fifth of the percentage of 
sand present in the soil and the value (S — % sand/5) taken as a measure 
of the water held by the colloidal material; Hardy suggests that this 
value is an index of soil texture and of use in soil survey work. Wilsdon ( 25 ) 
gave reasons for assuming that the ratio of the colloidally held water to 
the hydroscopic coefficient measured the vesicular coefficient of the soil 
colloids. Hardy’s original and later postulates give respectively S/H 
and [S — (% sand)/5]/// for this value, while the results given in the 
present paper lead to (S — 16)///. In Table VI A and B these three 
ratios are compared for two series of experimental values given by 
Hardy. 

The values for the modified ratios are naturally lower than those for 
S/H, since in each case the numerator of the fraction is reduced. Their 
values are also much steadier than those of S/H. Thus in Table VI A, 
values of S/H are higher for siliceous soils (top of table) than for laterites 
(lower half of table), as pointed out by Hardy, but this possible distinction 
is not borne out by the values of (S — 16)///, which with three exceptions 
are singularly uniform. Similar results are shown in Table VI B. 

Taking the whole data the value of (S — 16)/// lies, with rare ex- 
ceptions, between 2 and 4. There are obvious limitations to the signi- 
ficance of this result, apart from the indefinite nature of the hygroscopic 
coefficient. Nevertheless, it is suggestive, and worthy of further attention. 
A variation in the numerical value of the vesicular coefficient would be 
expected in view of the known differences in composition of colloidal 
material from one soil to another. At the same time the variation in 
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SjH seems larger than would be anticipated having regard to the smaller 
range of variation in other physical and physico-chemical properties over 
a wider range of soil types than those examined by Hardy, and hence the 
range of variations given by ( S — 16) jH appears more probable. 


Table VI. Comparison of values for vesicular coefficient . 



A. Hardy’ 

s data (12 

) 


B. 

Hardy’s 

data (24) 


r 




‘ 



N-( 

A 

11 i, HlUl<l)/« r > 

H 

S 

s/// 

1 s If,)/// 

II 

s 

S/H 

(S — 10)1 II 

u 

20 

17-7 

8*8 

0*85 

3*6 

28-1 

7*8 

34 

4*8 

4.4 

25*2 

5-7 

21 

9*0 

47*8 

5*3 

3*5 

4*8 

51 

26-4 

51 

2*0 

4*7 

35*3 

7*5 

4*1 

5*9 

6*8 

33*3 

4-9 

2*5 

7-3 

424 

5*8 

3*8 

5*2 

71 

354 

4-9 

2*7 

9*6 

44*7 

4*7 

3*0 

44 

8-5 

37-2 

44 

2-5 

10-3 

46*5 

4*5 

3*0 

4 2 

7-2 

33-7 

4-7 

2*5 

110 

53*8 

4*9 

34 

4*6 

81 

37-5 

4-6 

2-7 

12-7 

51*5 

4-1 

2*8 

3*8 

11*5 

45-1 

3-9 

2-5 

4*0 

25 0 

6-2 

2*3 

3 2 

11*9 

420 

3-5 

2*2 

3*6? 

30*8 

8*6 

4*1 

5*6 

12*3 

45-6 

3*7 

24 

3*8 

28*2 

74 

3*2 

4*7 

12*7 

49* 1 

3*9 

2*6 

7*6 

42-1 

5*5 

34 

4*3 

13-4 

44- 1 

3*3 

2-1 

2*7 

26*0 

9*6 

3*7 

4*7 

13-5 

49-8 

3*6 

2*5 

4*0 

28*0 

7*0 

3*0 

4*8 

141 

46-9 

3*3 

2*2 

5*6 

42-9 

7*6 

4*8 

5*7 

1 5*5 

54-5 

3*5 

2*5 

3*9 

28*9 

74 

3-3 

5*6 

17*8 

59-3 

3*3 

24 

11*3 

45*7 

4*0 

2*6 

3*8 

16-6 

57-2 

34 

2*6 

12-2 

49*2 

4*0 

2*7 

3*9 

20-6 

48-8 

2*4 

1*3 

8-8 

46*1 

6*2 

34 

4*8 

16-4 

61 0 

3*7 

2*7 

8-0 

40*9 

5*1 

3*2 

4*5 

18-7 

209*6 

11-2 

10*3 

3*3 

26*9 

8*1 

3*3 

5*0 





11-6 

49*6 

4*3 

2*9 

40 





10*2 

41*8 

4*1 

2*5 

3*5 





8*9 

40-1 

4*5 

2*7 

4*0 

If we assume 

that the value of the sticky point determination 

is the 


additive effect of (1) the 16 per cent, of water held in the interstices, 
(2) the water held by organic colloidal material, and (3) water held by 
inorganic colloidal material associated mainly with the clay fraction, it is 
possible to obtain a rough estimate of the relative contribution of items 
(2) and (3). The colloidal organic material is taken as that removed by 
peroxide treatment as the remainder is structural organic matter and 
probably without much direct effect on the sticky point; its value is 
therefore (I 0 — If). There is no obvious measure of the inorganic colloidal 
material; it might be regarded as proportional to the total amount of 
clay, to the clay surface, or to the loss on ignition of the mineral part of 
the soil. The last value has been adopted, and taken as the ignition loss 
of the peroxide treated soil less the organic matter still present. On the 
assumption that ( I 0 — If) represents three-fourths of the total organic 
matter, the amount still present after peroxide treatment is evidently 
Wo-h) 
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The sticky points of the original and peroxide treated soils are 
respectively: 

S 0 = 16 -f a (I 0 — l v ) -f P (Ip — h (Iq ~ I p )), 

Sp — 16 -f 0 (/„ — -J (/ 0 — / p ))> 

where a and ft represent the amounts of water associated with unit 
weight of organic and inorganic colloidal material respectively. 

The mean value of ft is obtained from the slope of the best straight 
line through the scatter diagram for the two variables in the second 
equation. Subtraction of the second equation from the first gives 

[So ^ p) “ ^ (I O 1 1 j)j 

from which a is similarly obtained. In this case the points are rather 
widely scattered and the value of a is approximate. The values of a and 
/? are respectively 3*3 and 2-8 so that the equation for the sticky point 
becomes 

S 0 = 16 -I- 3-3 (/„ - /„) + 2-7 (/„ - J (J. - /,)). 

The experimental values for S Q and those calculated from this equation 
are given in Table VII. 

Table VII. Comparison of calculated and experimental 
values for sticky point of untreated soils. 


S rxptl. - S exptl. - 


Soil 

S calod. 

S exptl. 

S calod. 

Soil 

S' calod. 

S exptl. 

S calcd. 

1 

35- 1 

34 3 

-- IS 

21 

(49-3) 

40(1 

(- 8-7) 

2 

47-0 

5(1-7 

9-7 

•>*.> 

35-8 

29-8 

- (1-0 

a 

41-4 

4(i-0 

4*0 

23 

271 

21-4 

- 5-7 

4 

2(1-2 

27 3 

1*1 

24 

35 4 

37-2 

1-8 

r> 

24-3 

19 7 

- 4(1 

25 

32-9 

37*0 

4-1 

o 

24 1 

22-3 

- 2-8 

2(1 

49-5 

33-1 

- 16-4 

7 

39-3 

2(1*8 

12-5 

27 

5(1*9 

30-8 

-2(1-1 

8 

34 l 

30 1 

- 4-0 

28 

30 8 

2(1-8 

- 4-0 

9 

41*3 

28*8 

- 12 5 

29 

31-0 

30-8 

- 0-2 

10 

32*4 

29*3 

- 3 1 

30 

30*0 

29*9 

- 0-1 

11 

24-7 

27-4 

2-7 

31 

27*3 

27-4 

0-1 

12 

39(1 

44-7 

5-1 

32 

27-7 

2(1-9 

- 0-8 

13 

37-8 

43 1 

5-3 

33 

24*2 

22-7 

- 1-5 

14 

40*1 

3(1-9 

- 32 

34 

29*2 

31 *9 

2-7 

ir, 

25*4 

22-2 

- 3*2 

35 

28-0 

28-8 

0*8 

1(1 

(51-8) 

350 

(-10-8) 

3(1 

(19-7 

77(1 

7-9 

17 

4 5*5 

38-8 

- 6-7 

37 

39-5 

50-7 

112 

18 

(38*0) 

39* 1 

(M) 

38 

38-4 

39-7 

1-3 

19 

41 (1 

33-7 

- 7-9 

39 

33-3 

40-1 

6-8 

20 

41*3 

45-4 

4-1 






The agreement between experimental and calculated values is not 
good, and in fact only a qualitative agreement would be expected in 
view of the variety of assumptions made, and the experimental error in 
measuring the sticky points and the ignition losses. No attempt has 
been made, at this stage of the work, to improve the agreement by 



758 “Single Value ” Soil Properties 

altering the values of a and /?. Their values indicate that unit weight of 
organic colloid takes up (4/3) x 3*3, i.e. 4*4 times its own weight of water, 
while the corresponding figure for the inorganic colloid is 2-7. These re- 
sults show, therefore, that organic colloids take up slightly over GO per 
cent, more water than an equal weight of inorganic colloids, when the 
latter are estimated in the manner suggested above. If, however, the 
clay content, C , be taken as a measure of the inorganic colloids in the 
above equations, the coefficient is found to be 0*5, which is only one- 
ninth of the coefficient for the organic colloids: a value in accordance 
with our knowledge of the relative efficiencies of the clay fraction and 
organic matter as water retaining colloids. 


Table VIII. Comparison of sticky point determinations 
by two workers A and B. 



Original samples 


IV 

roxide treated samples 

Soil 

Worker .1 

Worker H 

a - n 

Worker 

4 Worker B 

A - B 

1 

34-3 

25*5 

8*8 

19*8 

21 *7 

-1*9 

2 

50-7 

52*1 

4*0 

30*0 

30*8 

- OH 

3 

400 

35*8 

10*2 

29*5 

28*0 

0*9 

4 

27-3 

240 

2*7 

22*2 

22*9 

-0-7 

5 

19*7 

19*0 

0*7 

17*2 

17*0 

-04 

6 

22-3 

22*3 

0*0 

10*0 

14*9 

17 

7 

20-8 

25*4 

1*4 

27*0 

20*5 

05 

8 

30- 1 

20*3 

3*8 

294 

204 

3*0 

9 

28-8 

28*0 

0*8 

274 

20*3 

14 

10 

29-3 

25*7 

3*0 

21 2 

21*7 

-0*5 

11 

27*4 

28*5 

- 14 

22*0 

21*2 

0*8 

12 

44-7 

41*5 

3*2 

27*9 

22*3 

5*0 

13 

431 

40*2 

2*9 

24*8 

224 

2*7 

14 

30*9 

30*9 

0*0 

33*8 

28*9 

4*9 

15 

22-2 

21*5 

0*7 

204 

17*8 

2*3 

10 

35*0 

40*0 

- 5*0 

37*2 

304 

0*8 

17 

38*8 

48*3 

- 9*5 

33*7 

32*7 

1*0 

18 

30 1 

38*7 

0*4 

40*0 

38*9 

14 

19 

33-7 

42*0 

- 8*3 

35*7 

33*2 

2*5 

20 

45*4 

44*0 

1*4 

28-3 

23*3 

5*0 

21 

400 

350 

5*0 

43*5 

33*5 

10*0 

22 

29*8 

31 4 

- 1*0 

20*9 

17*8 

34 

23 

21*4 

22*9 

- 1*5 

19*5 

17*8 

1*7 

24 

37*2 

31*0 

0*2 

274 

23*9 

3*5 

25 

370 

28*8 

8*2 

32*0 

20*0 

54 

20 

33*1 

27*2 

5*9 

30*3 

23*8 

0*5 

27 

30*8 

204 

4*7 

294 

23*3 

04 

28 

20*8 

25*9 

0*9 

234 

21*5 

1*0 

29 ‘ 


— 

— 

27*8 

23*3 

4*5 

30 

— 


- 

23*7 

224 

1*0 

31 


— 

— 

24*3 

22*2 

24 

32 

— 

.... 


18*8 

18*2 

0*0 

33 


— 

— 

20*7 

19*0 

1*7 

34 

— 

--- 

-- 

21*9 

20*8 

14 

35 


— 

— 

254 

21*9 

3 2 

30 

— 


•— 

40*0 

394 

7*2 

37 


— 

— 

33*0 

30*3 

2*7 

38 

— 

— 

— 

29*3 

27*4 

1*9 

39 

— 

— . 

— 

29*2 

30*9 

1*7 
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(i d ) Accuracy of the sticky point determination. 

As already mentioned in Section 4, the recognition of the sticky point 
appears to present no difficulty after a little experience of the method has 
been gained. Nevertheless a certain amount of personal judgment is 



involved and if the determination is to be generally adopted, some idea 
of the variation due to the personal equation is desirable. The sticky 
point determinations on the whole of the peroxide treated samples, and 
on 28 of the original samples were therefore independently repeated by 
another worker. The results are shown in Table VIII. 

It is evident that worker A generally obtains a higher value, and with 
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a few exceptions, that the differences are small. Taking the 67 pairs of 
parallel determinations the differences are distributed as follows : 

A~B 0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 S-9 9-10 10-11 

No. of soils 16 17 774631312 

Thus in 33 cases (one-half of the total) the divergence is less than 
2 per cent, moisture content, while in 51 cases (three-quarters of the 
total) it is less than 5 per cent. Some of the larger discrepancies are 
probably due to experimental error, e.g. peroxide treated kaolin (soil 
No. 21). Others are on heavy clays of an exceptional nature (Nos. 17 
and 19). It is suggestive that in friction measurements with heavy clays 
Haines (26) obtained two maxima, corresponding to (a) a clean cut with 
a knife through the plastic mass, and (6) a state of incipient “ flooding,” 
in which the soil is just beginning to stick to external objects; it is 
possible that some similar effect explains the larger discrepancies here 
considered. 

A further examination of the variation due to individual judgment 
was made with the help of two further workers, C and D. Twelve 
representative soils of the series were selected, and these two workers 
repeated the sticky point determinations. The experiment was made 
some considerable time after the work discussed in this paper had been 
concluded, and the workers C and D had only the written instructions 
for the sticky point determinations to guide them and had no previous 
experience with the method. Their results, and those of workers A 
and B for the same soils are set out diagrammatically in Fig. 4. It is 
evident from the figure that the trend of the results is the same in all 
cases, but, as with the more complete series of results for workers A 
and B, there are differences on individual soils. There is every reason to 
believe that the differences shown in Fig. 4 would be appreciably reduced 
after a little further experience 1 . 

6. Scope of Single Value Determinations. 

The investigations discussed in this paper are not to be regarded as 
exhaustive, but rather as a preliminary study of the possibilities of 
simple single value determinations. The results are encouraging; the 
close association between the sticky point and colloidal material, and 

1 Later work, carried out by one of us (J. R. H. C.) on a number of South African 
soils will bo discussed in a subsequent paper. It may bo remarked here that replication 
of sticky-point measurements by two independent workers has been satisfactory — e.g. on 
15 soils the average difference (neglecting signs) was 1-7 per cent., and there was no evi- 
dence that one worker obtained consistently higher values than the other. 



B. A. Keen and J. R. H. Coutts 761 

between the moisture content at 50 per cent, relative humidity and the 
clay, strongly suggests that these two single value determinations are 
measuring soil properties that are reasonably distinct from one another. 
The determinations should therefore be correspondingly more useful, as 
coupled with a mechanical analysis, they enable soil to be specified from 
three different aspects. Again, repetition of the sticky point and ignition 
loss on peroxide treated soil gives additional information, offering the 
possibility — that needs further examination however — that the relative 
effects of organic and inorganic colloidal material can be distinguished. 

There is urgent need for the adoption of additional methods of this 
nature. Under the impetus of the Russian school, soil classification and 
survey work have acquired a new and logical basis. The description of 
the soil profile however is still based very largely on a visual examination, 
and as long as this is so, a more detailed classification within any main 
soil type must remain qualitative, and dependent on the personal 
judgment of the observer. It appears that the single value measurements 
discussed in this paper are worth consideration as possible routine tests 
in connection with soil classification. 

Apart from this, the methods have obvious application to the 
important physical and physico-chemical aspects of soil cultivation; this 
is now being followed up. 

Further experience of the methods in the hands of different observers 
and on a wide range of soils is an essential preliminary to their general 
adoption. This has been arranged: the First Commission of the Inter- 
national Society of Soil Science decided at the Congress in Washington 
in June 1927 to organise an extensive series of co-operative experiments 
to this end, and the results will be reviewed at the next meeting of the 
Commission in June 1929. 

7. Summary and Conclusions. 

Numerous attempts have been made to devise an experimental 
method that, applied to a variety or a series of soils, enables them to 
be placed in an order closely reflecting their field behaviour or their most 
important physical characteristics. They are called “single- value” 
determinations as they endeavour to specify the soil by a single number, 
in distinction to the group of figures obtained, for example, from a 
mechanical analysis. A number of these methods are discussed in the 
present paper which contains an account of a detailed investigation on 
39 soils of certain single value determinations. 

The methods selected for study were chosen because (i) they required 
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only simple apparatus, and (ii) they appeared to be related to some 
distinct soil characteristic. 

The list of measurements was as follows: 

Percentage of clay. 

Moisture content of soil in equilibrium with atmosphere of 50 per cent, 
relative humidity (the ordinary “ air-dry moisture content ” which was 
also determined, is close to this value). 

Ignition loss of the dried soil. 

Moisture content at the “ sticky ” point, which is defined as the point 
at which a thoroughly kneaded plastic mass of the soil is just about to 
stick to the fingers or to a knife. 

The method of volume shrinkage developed by Haines was used to 
obtain the following additional quantities: 

Moisture content of the saturated plastic block (this value closely 
approximates to the sticky point). 

The pore space, true and apparent specific gravities of the oven-dried 
block. 

The calcium carbonate present in each sample was determined, and 
on a number of the soils, total carbon content was also determined by 
the wet combustion method. 

The most important feature of the present investigation was the 
repetition of the above measurements after the soils had been treated 
with hydrogen peroxide. Considerable experience of the effect of 
hydrogen peroxide on soil is now available owing to its inclusion in the 
Official British method of mechanical analysis, and our present knowledge 
indicates that it removes the humified and non-structural part of the 
organic matter without exercising more than a small solvent effect on 
the mineral portion of the soil. It has been assumed in the present 
investigation that the physical properties of the mineral portion are not 
appreciably altered by the peroxide. A comparison of the results for the 
original and peroxide treated soils thus gives an opportunity of comparing 
the relative contribution of the organic and the mineral portion of the 
soil to the single value measurements examined. 

The main results obtained are set out below. 

1. In spite of wide variations in clay and organic matter content the 
pore space of the kneaded blocks when oven dry fall closely around a 
mean figure of 26 per cent. This is reduced by 4-5 per cent, on the 
peroxide treated soils, and the effect is probably due to the ability of the 
grains to slip into closer packing under the influence of the thorough 
kneading, when the organic matter has been removed by the peroxide. 
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For the whole series of soils, however, the reduction in pore space is not 
related in a simple manner to the amount of organic matter removed. It 
is interesting to note that the pore space in the blocks of natural soils 
approximates to that of an ideal soil in closest packing (26 per cent.). 
Hence the process of kneading the soil in a sticky point determination 
produces a kind of statistical approximation to the ideal soil as far as 
total pore space is concerned. 

2. Treatment with peroxide removes about 75 per cent, of the total 
organic matter present in the soil. 

3. Correlation coefficients obtained for the various pairs of quantities 
examined express the general fact that the heavy clay soils have the 
highest ignition losses, moisture contents and sticky points. 

4. An increased correlation between clay and sticky point for the 
peroxide treated soils suggests that the sticky point value is controlled 
both by the organic matter and some property related to the clay 
content. 

5. When the associations are further examined by partial correlation 
coefficients, the sticky point is shown to be largely controlled by the 
colloidal organic and inorganic colloidal material, while the moisture 
content at 50 per cent, relative humidity is largely controlled by the 
actual clay content. There is independent evidence that this moisture 
is held in the minute interstices between the clay particles. 

6. The sticky point approaches a lower limit of about 16 per cent, 
moisture content with very sandy soils containing little organic matter. 
This value is close to 14*6 per cent, which is the saturation moisture 
content of an ideal soil in closest packing, and it has already been shown 
that the pore space of this ideal soil and of the kneaded blocks of actual 
soil have approximately the same value. Hence the value of the sticky 
point moisture content is made up of (a) 16 per cent, of water held in 
the pore space, unassociated with colloidal material, and (6) water 
associated with inorganic and organic material. The division of the latter 
quantity into water associated with organic matter and inorganic clay 
colloids can be very approximately effected by assuming (i) that the 
difference between ignition losses of original and peroxide treated soil 
measures the effective organic matter, and (ii) that the ignition loss of the 
peroxide treated soil (less the organic matter still present) represents the 
clay colloid. On these assumptions it appears that the organic colloid 
takes up about 4*4 times its own weight of water, and the inorganic clay 
colloid 2*7 times its own weight. The approximate nature of the com- 
parison must be emphasised, owing to the limitations in the assumptions 
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on which it is based. If the actual clay content be taken, instead of the 
ignition loss of the peroxide treated soil, as a measure of the inorganic 
colloid, the clay on a unit weight basis is only one-ninth as effective as 
the organic matter. 

7. Measurements of the “ vesicular coefficient” and “index of texture” 
made by Hardy are re-examined, allowance being made for the 16 per 
cent, of water not associated with colloidal material. 

8. A comparison is made of the variation of sticky point deter- 
minations made by different workers and it is shown that satisfactory 
agreement can be secured after a little experience of the method. 

9. The importance is stressed of introducing single value methods as 
an adjunct to the modern system of soil classification, and into soil 
physics. 
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Certain statements in the latest paper of Bouyoucos on his hydrometer 
method (1) call for an early reply from the writer. In this paper he deals 
specifically with the use of the hydrometer for determining (a) the colloidal 
content of soil and ( b ) the mechanical analysis of the soil, either in a few 
groups (sand, silt, and clay) or in a greater number of groups. 

The author will not enter into the dispute on the measurement of colloidal 
content, this has already been taken up by Joseph (3), and recently Gile (2) 
has put forward some further pertinent considerations. However, the use of 
the hydrometer for mechanical analysis— or indeed its employment for any 
kind of observation — necessarily implies the satisfying of certain conditions 
before the method can be accepted as fulfilling what its sponsor claims for it. 
In a recent review of progress in soil physics (4) the author pointed out that, 
in essentials, Bouyoucos’ hydrometer method was a determination of density 
of a soil suspension, and therefore corresponded to an isolated point on the 
summation percentage curve. The author stated, further, that “the deter- 
mination was essentially qualitative since an appreciable density difference 
must exist in the suspension between top and bottom of the long hydrometer 
bulb after so short a period as 15 minutes.” Bouyoucos (1) has now produced 
figures, and bases thereon the following remarks: “This statement is not 
justified. The method is quantitative with only a reasonable degree of 
inaccuracy.” To these remarks the author can only reply, in turn, that — 
assuming such a self-evident fact requires any justification — the existence of 
an appreciable density gradient in the suspensions is well shown by Bouyoucos’ 
own results. We have only to compare the values (1) given for the hydrometer 
readings of the top half and lower half of the suspension columns to see this. 
(See table on following page.) 

As the hydrometer is calibrated in grams per liter the figures in the above 
table are not the actual densities of the suspensions, although these can be 
obtained by a simple transformation. It is more convenient here to deal with 
the former values. The results show differences in hydrometer readings be- 
tween top and bottom halves of the same suspension of between 10 and 30 per 
cent, depending on the soil and the time of standing, and it must be remembered 
that in each case these values refer to the average of many different depths of 
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EXPERIMENT AND TIME OF STANDING 

READING, UNDIS- 
TURBED COLUMN 

DIFFERENCE IN 
READING, TOP 
AND BOTTOM 
HALF 

DIFFERENCE IN 
READING, AS PER 
CENT OF UNDIS- 
TURBED COLUMN 

1. Clay, 4 days 

gm. per liter 

23.20 

gm. per liter 

8.00 

29.0 

2. Clay, 2 hours 

28.12 

2.80 

10.0 

3. Clay, 15 minutes 

36.17 

3.43 

9.5 

4. Silt loam, 4 days 

18.5 

4.2 

23 

5. Silt loam, 2 hours 

24.3 

4.1 

17 

6. Silt loam, 15 minutes 

29.4 

3.9 

13 

7. Loam, 24 hours 

10.5 

3.0 

27 

8. Loam, 2 hours 

12.2 

1.4 

11 

9. Loam, 15 minutes 

16.0 

3.9 

24 


suspension. The actual density differences between the top and bottom 
layers of the whole column will be of course, very considerably greater than 
those corresponding to the above figures. 

Bouyoucos also lays stress on the fact that the mean of the hydrometer 
readings for the upper and lower halves of the column is about equal to that 
of the undisturbed column, and considers that these results “refute the con- 
tentions or criticisms advanced by Joseph and Keen.” It is evident, of course, 
that the average density of the suspension in the region where the hydrometer 
comes to rest in the original column of suspension will have a value intermedi- 
ate between that of the superincumbent layers and that below the hydrometer, 
and in view of the averaging effect of the long hydrometer bulb employed it 
is not surprising that this intermediate value approximates to the mean. But 
the result has no other significance: it merely demonstrates the fact that a 
gradient of increasing density exists from top to bottom of the suspension. 
This density variation at different depths of the suspension is not constant, 
but progressively changes with time while the particles are slowly settling, and 
the actual manner in which it changes with time depends on the size distribu- 
tion curve of the soil, and therefore varies from one soil to the next. Hence 
some convenient time has to be selected and laid down in the details of the 
method as the one to be used if comparable data are to be secured. The 
selection of 15 minutes, for example, is entirely arbitrary; this interval allows 
most of the coarser material to fall below the hydrometer range. 

Hence in physical terms, the hydrometer technique consists in measuring 
at an arbitrary time the average density of a layer of suspension several centi- 
meters in length, whose density is continually changing both with depth and 
time. The statement that the method is “essentially qualitative” is not a 
matter of personal opinion, but of fact. 

Apart from this aspect it would appear that Bouyoucos has also not fully 
considered the inevitable disturbance produced in the mechanism of the 
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sedimentation by the presence of the hydrometer itself. Such disturbances 
are unfortunately inherent in all methods based on density or hydrostatic 
pressure measurements in a suspension. The reason for this was given in 
sufficient detail in a recent review (4) and need not be mentioned again. 

It is evident that in spite of these facts the experimental results can, with 
due precaution, be repeated with very reasonable accuracy. (The results 
with the loam soil in lines 7-9 of the foregoing table, showing a minimum 
difference in density of top and bottom halves after 2 hours standing, in con- 
trast to the regular increase with the other two soils, point at first sight to a 
rather considerable degree of inherent error; but this particular result may 
probably be fairly ascribed to some accidental disturbance). However, 
accurate repetition of a given result does not turn a qualitative method into a 
quantitative one, if we retain, as we ought, the strict meaning of these words. 

In writing the foregoing, the author’s only concern is that soil physics 
should have something of the precision of theory and experiment associated 
with the science of pure physics. Bouyoucos, in his legitimate enthusiasm 
over the experimental results of the hydrometer method, has implicitly 
claimed a fundamental basis for what, by its very nature, can only be an 
empirical method. 

This is not intended in the least to deny its value as an empirical method. 
Bouyoucos has shown great skill in devising his apparatus and technique so 
that certain experimental errors are either nullified or mutually compensate 
one another, and in the present stage of development of soil physics the close 
relation of the results to those given by other empirical methods is a distinctly 
useful addition to our knowledge. 
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PLASTOMETRIC STUDIES OF SOIL AND 
CLAY PASTES. 

By B. A. KEEN and G. W. SCOTT BLAIR. 

(Soil Physics Department , Rothamsted Experimental Station , Harpenden.) 

(With Six Text-figures.) 

Introduction. 

The colloidal properties of the soil are now generally recognised as 
exercising a highly important contribution to its physical and physico- 
chemical characteristics. In the laboratory weak suspensions of the finer 
soil particles show a complicated range of colloidal properties, which arc 
as yet incompletely understood. Nevertheless, the phenomenon of floccu- 
lation of such suspensions and the aggregation into compound particles 
characterising good tilth in field soils are two processes so strikingly 
analogous that the phenomena are considered to be closely related. 
Although attempts have been made to explain this relationship in exact 
terms it still resists solution. Evidently it is not sufficient to make direct 
comparison between such extreme conditions as flocculation in weak 
suspensions and the behaviour of soil in the field; a more comprehensive 
attack is needed in which the changing properties of a soil- water mixture 
are studied while the concentration of the soil is progressively diminished 
from that in the field to the weak suspensions (circa 1-2 per cent.) 
employed in studies of flocculation, cataphoresis, etc. 

This investigation is now in progress in the Soil Physics Department 
at Rothamsted. It comprises a continuation of the field studies of cultiva- 
tion processes and dynamometer measurements (i, 2 ), and laboratory 
work over the whole range of moisture content mentioned above. The 
latter may for convenience be divided into three ranges: the first in 
which the moisture content is of the same order as that in the field, 
the second in which the material is in the form of thick or semi-fluid 
pastes, and the third, or soil suspension range, in which the soil con- 
centration rarely exceeds 5 per cent, by weight. In the first range, if 
the soil is well worked up with water a mass is obtained in which cohesive 
properties are paramount. The general behaviour over this stage is 
already known in its essentials ( 3 ). Over the intermediate range the paste 
displays both solid and fluid (or viscous) properties, while in the weak 
concentrations constituting the third range, this duality is shown by the 
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contrasting hydrophobe and hydrophyl properties of the colloidal 
system. 

The present paper deals only with the intermediate range, and gives 
an account of some important relationships between the experimental 
results and other measurements made under very different conditions. 

The experimental method adopted is to force pastes through capil- 
laries of known dimensions under accurately measurable stresses and 
strain-conditions. As the range of viscous and solid properties displayed 
by materials under stress is of great importance in many industries, this 
experimental method has been much used, and the general descriptive 
term “plastometry ” is applied to it. Much of the published work can 
be regarded as empirical as it is based either on defective experimental 
methods, or on an incomplete theory. 

For this reason, and also because the plastometric study of soil has 
not hitherto received attention in soil studies, a brief statement will be 
given here of the theoretical basis together with a full description of the 
present experimental method and possible extensions of the technique. 

Theory of the method. 

The flow of fluids through capillary tubes is expressed by the classical 
equation of Poiseuille, which states that the quantity flowing in unit 
time, V , under an effective pressure, P, through a tube of length L 
and radius R is 

F-t tPR^SLtj (1), 

the quantity 77 being the viscosity of the fluid. 

In the case of liquids containing particles in suspension, and of pastes 
in which the relation between the two phases is of a more intimate 
character, the Poiseuille relationship no longer holds. Experimental work 
already published from this laboratory (*) and further results (f>) show that 
the flow of a soil or clay paste through capillary tubes systematically 
changes its character as the pressure applied is increased. Considering 
first the case of a single capillary tube, four stages can be distinguished: 

Stage 1. The paste does not begin to flow until a certain pressure 
has been reached. Below this critical pressure therefore the mixture is 
behaving as a solid. 

Stage 2. The paste moves as a rigid cylindrical plug through a thin 
envelope of the fluid, which adheres both to the wall of the tube and 
to the plug. Over this range the volume of flow in unit time increases 
linearly with the pressure applied. 
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Stage 3. The diameter of the plug decreases. In the annular region 
surrounding the plug, the paste has a stream-line flow. The general 
motion can be pictured as similar to the drawing out of a telescope, the 
eyepiece tube representing the central plug and the remaining tubes the 
stream-line shells surrounding it. The volume of flow therefore increases 
at a faster rate than the pressure applied. As the pressure is increased 
further the diameter of the central plug progressively decreases. Over 
this region the bulk of the paste has a stream-line motion, with the result 
that the relation between volume of flow and applied pressure rapidly 
approaches linearity. 



Fig. l. 

Stage 4. Over this region the flow is so nearly stream-line throughout 
that the error involved in assuring linearity between volume of flow and 
pressure becomes negligible. 

Hence when the volume of flow is plotted against pressure applied, 
a curve of the type shown diagrammatically in Fig. 1 is obtained. 
Actually a complete experimental curve shows such a wide range of 
rates of flow that, on a vertical scale suitable for Stages 3 and 4, the 
earlier stages would be hardly appreciable. The flow in the later stages 
is about one hundred times as fast as at the beginning. 

Evidently the behaviour of the paste in general differs strikingly 
from that of a true liquid, for equation (1) shows that for a given capillary 
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the relation between the volume flow V and pressure P for a fluid is 
represented (as in Fig. 1) by a straight line passing through the origin. 
But as Stage 4 in the curve for paste is sensibly straight and constitutes 
the greater part of a complete experimental curve, there is evidently 
some similarity between the behaviour of a paste over this range, and 
that of a true liquid. 

For the purpose of examining this behaviour more conveniently it is 
usual to plot the results in a slightly different manner from that used 
in Fig. 1. The equation for a fluid (equation 1) can be written: 

V/ttR 3 - (PR/ 2 L) (I/477) ( 2 ). 

Hence if a number of different sized capillary tubes were used in turn, 
and a series of measurements of V for different values of P were made 
on each tube, the curve obtained 
on plotting V/t tR 3 as ordinates, 
and PR/ 2 L as abscissae, would 
be a single straight line passing 
through the origin as shown in 
Fig. 2 . 

The slope of the curve is 
evidently 1/4*7 , i.e. a numerical 
constant ( 1 / 4 ) multiplied by the 
inverse of the viscosity 77. The in- 
verse viscosity is usually called the 
fluidity. If the results had been 
plotted on the basis of Fig. 1, a 
family of straight lines would have 
been obtained, the slope of each 
depending both on the fluidity of 
the liquid and on the dimensions 
of the capillary. The method adopted in Fig. 2, however, is not only 
more convenient graphically, but has a definite physical significance. 
For the pressure P is, by definition, a force per unit area; the total force 
applied across the face of the capillary of radius R is thus 7 tR 2 P. in the 
steady state of flow this pressure is balanced by an equal and opposite 
force, namely the total stress round the walls of the capillary, whose 
area is 2ttRL. Hence the stress per unit area of the wall is ttR^P I2ttRL, 
or PR/ 2 L. Thus the abscissae in Fig. 2 represent stresses per unit area 
irrespective of the capillary dimensions. Further, the slope of the curve 
for a true fluid represents one-fourth of the fluidity. When the same 
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method of plotting is applied to the results for a paste (attention being 
confined to Stage 4) it is found as a general rule that a single straight 
line is not obtained. Instead a family of straight lines is given, one for 
each capillary used. It is found as an experimental fact, for all clay and 
soil pastes so far investigated, that when the straight line portion 
(Stage 4) of each curve is extrapolated to the stress axis, they all meet 
at a point. A series of such curves is shown diagrammatical ly in Fig. 2. 
Two deductions can be made : first, that there is a certain definite shearing 
stress for the material represented by the common intercept of the extra- 
polated curves on the stress axis, which, if subtracted from the total 
applied stress, then enables the graph for any one capillary to be treated 
as analogous to the single graph that completely represents the behaviour 
of a true fluid (geometrically this is equivalent to shifting the origin 
along the axis of stress to the point of intersection); secondly, the fact 
that a family of curves is obtained with a paste indicates that the 
fluidity measurement (the slope of the curve) is not independent of the 
dimensions of the capillary. The theory accounting for this departure 
and the method of treating the results to obtain a measure of the fluidity 
is dealt with later. 

This definite shearing stress is usually called the ‘‘static rigidity” 
of the system. It represents the energy required just to cause the paste 
to flow, and is a measure of the solid cohesive properties of the system. 
Objection has been raised to this conception on the grounds that the 
intersection with the stress axis, being obtained by extrapolation of an 
asymptotic portion of the curve, lies outside that curve, and has there- 
fore no physical significance (<>). On the other hand, it appears valid to 
assume that over Stage 4 of the curve the energy represented by the 
“static rigidity” is used up in overcoming the friction between solid 
particles of the paste, and the effective stress causing flow is therefore 
less than the total stress by a constant amount. 

No equation has yet been formulated that completely defines the 
relationships between volume of flow per second and applied pressure 
outlined above. Buckingham ( 7 ) put forward one consisting essentially 
of two terms, one of which covers Stage 2 (solid plug flow) and the 
other Stages 3 and 4 (partial to complete stream-line flow). The 
fact that in general a series of curves is obtained for different 
capillaries when V/ttR 3 is plotted against PR/2L (see Fig. 2) shows 
that Buckingham’s equation does not directly apply to soil and clay 
pastes. But so far as flow as a solid plug is concerned, earlier work in 
this laboratory (i) has shown that the following equation (which is a 
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slightly modified form of Buckingham’s first term to include Stage 1) is 
satisfactory : 

7rR 3 €<f> (P - a,) 

2 L (o) ’ 

where e is thickness of water envelope through which the plug is 
flowing, <f) is its fluidity (not necessarily that of water in bulk), a is the 
pressure attained when the plug just begins to move and F, R , P and L 
have the meanings already given. But even this equation does not hold 
invariably; if, instead of using a paste made from moist soil fresh from 
the field, the soil is air-dried before use, the simple plug motion of 
Stage 2 does not generally occur, and this part of the volume-pressure 
curve is no longer a straight line. 

This effect is almost certainly associated with the colloidal properties 
of the soil, but the exact mechanism of the process is not yet understood. 
The change is certainly a reversible one, because pastes made from moist 
surface soil do not show this abnormal behaviour, although the soil 
frequently passes through the air-dry condition in the field. Nevertheless, 
the process can hardly be a simple reversible one, because there is a wide 
variation in the ease with which air-dried samples of soil recover the 
property of giving a simple plug flow of the type defined by equation (3). 
The phenomenon requires further elucidation. Inspection of equation (3) 
shows that the properties defined by the constants e, </>, and a , may be 
affected by the air-drying, since the other symbols refer only to the 
dimensions of the capillary and to the recorded experimental measure- 
ments. Experimental work has shown that the values of a and of the 
product €(f> are the same in a “ recovered” soil and in the original soil 
before air-drying. 

With regard to the third stage of plastic flow, no satisfactory equation 
is yet available. Reiner ( 8 ) and later Buckingham ( 7 ) independently 
derived equations based on the conception that the plug type of flow 
was gradually replaced by stream-line flow. Although this conception 
is known to be qualitatively correct the data obtained in this laboratory 
do not conform completely to the equations of Reiner and Buckingham. 

In the fourth or stream-line stage, as already pointed out, the 
divergence of the curves connecting V/ttR 3 and PR/2L for different 
capillaries (see Fig. 2) precludes the possibility of directly obtaining a 
simple viscous constant independent of capillary dimensions. Con- 
siderable attention has been devoted to this point, and a full account is 
given elsewhere ( 5 ); in the present paper only a brief outline will be given. 
It has already been shown (see Fig. 2 and discussion thereon) that over 
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the fourth region of plastic flow it is necessary in any case to modify 
the Poiseuille equation by subtracting from the pressure ( P ) an amount 
equivalent to the static rigidity, so that equation (1) becomes 

T 7 _ ( P “ C ) 


8 Lf 


.(4). 


.( 5 ). 


The quantity f corresponds to the viscosity rj of a true fluid, and is 
called the “pseudo- viscosity.” 

If this modified equation be applicable to the fourth stage of flow, 
then on plotting V/ttR 3 against PR/2L , as in Fig. 2, the points should 
all be on one straight line irrespective of the radii of the capillary tubes 
used, while actually it is found that a separate straight line is given for 
each capillary. To account for this divergence it is assumed that the 
properties of the paste become modified in the immediate neighbourhood 
of the tube wall, so that the rest of the paste has a different mean 
velocity from that to be expected from the equation (4). The 
experimentally measured total volume of flow (F) is therefore made 
up of two quantities, one of which obeys equation (4) while the other 
does not; the hypothesis given above enables the experimental results 
to be interpreted by eliminating the latter. Equation (4) can be written 

V 1 7rR 2 R 

(P -c)R/2L~ if ^ 

The left-hand side of this equation is evidently the mean velocity of 
flow for the whole paste (V/t tR 2 ), over the effective stress (P — c) R/2L 
at the wall of the tube. We can now modify this equation by subtracting 
the quantity a 0 , which represents the contribution of the modified 
layer at the wall : 

V/ttR 2 __ _ , 

(P- c) R/2L a ° K,ir] 

To apply this equation, the slope of velocity-stress curve 

“ V/ttR 2 

(P - c) R/2L] 

for each, tube is plotted against the radius of that tube. It is found that 
the points for the different capillaries fall on a straight line, which on 
extrapolation gives intercept c 0 on the slope axis. This intercept is a 
measure of the extent of the anomalous behaviour near the wall, while 
the slope of the curve, as is also evident from equation (6), is equal to 
1/47/, where f is the pseudo-viscosity of the bulk of the system. 

This equation is found to hold very well over a wide range of con- 
centration and materials, subject to the restrictions that the capillary 


.( 6 ). 
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diameter must not be so small that the modified layer forms an appre- 
ciable portion of the total flow, nor so large that stream-line motion is 
replaced by turbulent flow. 

It is clear that the actual values of the plastic constants dealt with 
in the above discussion will depend on the concentration of paste used. 
In comparing different soils it is necessary to work either at the same 
concentration of paste, or to use each material at a number of different 
concentrations. 

It will be realised from the above account of the theory of flow of 
plastic pastes, that although it is now possible to evaluate several 
general constants representing the plastic behaviour, the subject is a 
complicated one, and there is still much work to be done on the dynamics 
of the flow. 

Experimental methods. 

Arrangement of apparatus. The plastometer bulbs were made from 
two pipettes by bending round and cutting off the ends, the surfaces 
being ground flat (see Fig. 3). The volume of the bulbs used depends oil 



Fig. 3. Diagram of plastometer. 


the range of stress to be investigated. Convenient sizes are 10, 50 and 
100 c.c. each. The capillary tube is connected between them by means 
of short lengths of rubber tubing, the ends of the capillaries being ground 
to fit against the ends of the bulbs. The whole system is mounted on a 
stand which can be rotated on a pivot, so that when the paste is forced 
alternately fromone bulb to the other, the surface of the paste in the bulbs 
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can be kept roughly in one and the same horizontal plane. This is effected 
by a chain which is fastened to the two ends of the stand, and passes over 
a toothed wheel above the apparatus, connected by means of a pulley 
system to a level-control wheel turned by hand. 

The top ends of the bulbs, which are bent towards each other slightly 
for convenience, are connected by means of flexible rubber tubing to a 
four- way tap so that each can be connected alternatively to the air- 
pressure supply and the flowmeter. In the first shearing, one bulb is 
connected to the air-pressure supply, and the other to the flowmeter; 
in the second shearing the connections are reversed, and so on. 

Compressed air is supplied from a foot pump and is stored at a pressure 
marked by a rough manometer, in a large stone bottle as a reservoir. 
It is released from this through a sensitive valve into a second reservoir 
(in order to insure a perfectly steady application of pressure) which is 
connected to the plastometer bulb. The second reservoir also connects 
with (1) a mercury manometer to measure higher pressures, (2) a water 
manometer for use at low pressure, (3) an exhaust to release pressure 
suddenly, and (4) a capillary leak to lower pressure slowly and steadily 
if required. 

The paste can then be forced through the capillary at a series of 
different pressures which can be applied steadily, and measured ac- 
curately. 

In order to measure the volume of flow per second, the air displaced 
by the flowing mass of paste is caused to pass through a flowmeter as 
shown in the figure, before escaping through one of a series of long 
capillary tubes. The flowmeter consists of a sensitive alcohol manometer 
set at a small angle to measure the pressure at the entrance to the air 
capillary. Since air is a true fluid, this pressure is proportional to the 
volume of air passing through the air-leak capillary per second, and 
hence to the flow per second of the paste in the plastometer. 

It is necessary to adjust the zero of the flowmeter manometer before 
each run. When this has been done, the paste is forced through at a 
series qf different pressures, and for each, the reading on the flowmeter 
is recorded. To convert this into c.c./sec. a factor is used depending on 
the dimensions of the particular capillary air-leak in use. To determine 
the factors, a glycerine-water mixture of convenient viscosity is passed 
through the apparatus, and the time required for it to flow through a 
bulb of known volume is recorded on a stop watch. This is repeated at 
different readings on the flowmeter, the reading being held constant 
during each run by keeping the level suitably adjusted. 
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In this way, a calibration curve for the flowmeter is obtained for each 
capillary air-leak. 

The capillary and bulbs, the flowmeter, and the capillary air-leak 
are all kept in a thermostat at 25° C. 

Plaslometer capillaries. These are cut from the most uniform capillary 
tubes obtainable, and are carefully ground at the ends. The length is 
measured directly, and the radius is found by weighing the amount of 
mercury which will just fill the capillaries at a known temperature. This 
has been found more accurate than a determination by a viscometric 
method. Capillaries of very widely different lengths and radii have been 
used, but for ordinary purposes about 12 cm. is found a convenient 
length, with a radius of from 0*04 to about 0*12 cm. 

Preparation of materials. It has not been found possible to get satis- 
factory results with any paste containing solid particles which will not 
pass through a sieve with 100 mesh per inch. Soils, whether direct from 
the field, or air-dried, arc made up into a paste with distilled water and 
forced through such a sieve, the coarse sand remaining on the sieve 
being discarded. 

For this reason the plastometer is not suited to the study of soil 
containing a high percentage of coarse sand. It is also necessary to pass 
pastes prepared from clay fractions through sieves, since the presence 
of a single particle of grit would vitiate the experiment. 

The moisture content of the sieved paste is then determined by 
heating a sample in an oven at 160° C. for one hour. (This gives results 
closely correlable with those obtained in a steam oven for 24 hours.) 
In preparing a series of pastes from soils direct from the field at the same 
concentration in the paste, it is found unsatisfactory to determine the 
moisture contents of the original soils and then to add the required 
amounts of water to form the pastes, since soils do not take up the water 
evenly. The much more laborious process of drying down the soils gently 
in the laboratory until each attains a given moisture content and then 
adding the same quantity of water to each is best employed. 

The paste is brought up to temperature by immersion in a bottle 
in the thermostat, and then sucked into the bulbs, and the apparatus 
is connected up, a capillary of suitable dimensions being used. It is 
best to get curves for each sample with at least 4 or 5 capillary tubes 
of different dimensions. The paste should be transferred to a bottle and 
shaken between runs with the different capillaries. Before any readings 
are taken, the paste is always sheared once through the capillary. This 
not only enables the operator to decide on the best series of pressures 
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to apply, but removes any irregularities still present in the paste, and 
eliminates the phenomenon known as thixotropic structure. 

The flowmeter readings for a series of constant pressures are then 
recorded, the number of separate applications of pressure during each 
shear depending on the rate of shear used, and the dimensions of the 
bulbs. For accurate work, the bulbs are finally connected to each other 
without a capillary and a curve is obtained giving the amount of pressure 
taken up by the bulbs themselves for any given volume of flow per sec. 
This is subtracted from the observed pressure before calculating the 
stresses. 

Since the range of the flowmeter for a given air-leak is small, it is 
best, if a wide range of stresses is to be investigated, to use at least two 
different air-leaks during each run. 

Although this process sounds somewhat laborious it has been found 
possible to take the measurements quite quickly. Thus, to determine the 
plastomctric constants of a given paste at a single concentration even 
with five separate capillaries would involve only about lb hours experi- 
mentation and an hour’s calculation. If the operator is sure that he is 
working on the straight-line portion of the curves, much time can be 
saved by applying only three different pressures for each capillary and 
allowing the whole of the paste to flow across for each reading — taking 
a mean flowmeter reading for the whole run. In this way quite satis- 
factory constants have been obtained for ordinary purposes necessitating 
only three calculations of stress and mean velocity for each tube. 

The above apparatus and technique, although considerably modified 
for soil work, are essentially those of Bingham ( 9 ), who has applied a 
similar method to the study of paints, etc. 

Experimental results. 

Work is still in progress on the relation between the pseudo- viscosity 
of soil and clay pastes and other physical properties of the soil, and will 
form the subject of a later paper. The present account will be confined 
to certain relations found to exist between the static rigidity and various 
field characteristics of soil. The full meaning of these results have still 
to be worked out; their immediate importance lies in the demonstration 
that the constants determined by plastometric measurements in the 
laboratory are related to field and laboratory measurements made under 
very different experimental conditions. 

Static rigidity and dynamometer measurements. Numerous measure- 
ments with a dynamometer of the resistance offered by soils to the 
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passage of cultivation implements have been made at Rothamsted (i, 2) 
and the results have been shown to represent a characteristic property 
of the soil. Considerable variations in the resistance may be found from 
point to point over a given level area, and these variations bear no obvious 
relationships to such factors as moisture content, percentage of clay, etc. 
Nevertheless, the close concordance between successive results even over 
a series of years, unquestionably shows that the dynamometer measure- 
ment represents some definite soil property. It can conveniently be 
regarded as an integrated measure of the various physical properties 
such as cohesion and plasticity (using these terms in their general 
meaning) that are brought into play when the soil mass is cut by the 
coulter and share and turned over by the mouldboard. 
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Fig. 4. Static rigidity and soil resistance, Broadbalk field. 

Samples of soil were taken from definite parts of various fields for 
which full dynamometer records exist, and made into pastes of the same 
concentration as described above. 

The relation between the static rigidity of the paste and the dynamo- 
meter measurement for that part of the field from which the particular 
sample was taken is shown for Broadbalk field in Fig. 4. It is evident 
that a close correlation exists. The result of a similar experiment for 
Sawyers field are given in Table I. The correlation coefficient is again 
significant, but the results are not so striking as those for Broadbalk. 
Table I also shows the values for the light sandy soil at Woburn, and 
here the relation is not so significant. This may indicate that it does not 
hold for sandy soils, although it should be remembered that the coarse 
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sand is removed before plastometric measurements can be made, and 
as the Woburn soil contains some 50 per cent, coarse sand it is perhaps 
not surprising that the results show so little regularity. 


Table I. Dynamometer measurements and static rigidity . 

1. Sawyers field, Rotliamsted, 2. Stackyard field (permanent barley 

air-dry soil plots), Woburn, air-dry soil 



Dynamometer 

Static 


Dynamometer 

Static 

Plots 

measurements 

rigidity 

Plot 

measurements 

rigidity 

H 1 

1220 

1-98 

5BX 

214 

1-46 

A 1 

1235 

1-96 

2 AA 

225 

2-00 

H 2 

1244 

212 

8 BB 

230 

1*94 

F 1 

1280 

214 

9 B 

235 

2-40 

B 3 

1280 

216 

8 A 

238 

118 

G 3 

1300 

218 

10 A 

253 

2-80 

G 4 

1350 

2-51 

2 BB 

255 

3-33 

C 1 

1350 

214 

10 B (top) 

287 

1-50 

H 4 

1360 

2-44 

11 A 

305 

2*47 

C 5 

1410 (?) 

207 




E 4 

1520 

2-77 





There is one point on the Broadbalk curve which falls very far from 
the general line. This refers to the sample taken from the plot which 
has received heavy annual dressings of dung for the past 80 years. The 
pseudo- viscosity was very high, and an exact determination of static 
rigidity was difficult; nevertheless, it may well constitute a real exception 
to the relationship which, as is shown also in Table I, is not necessarily 
of general application. 

The effect of chalk , lime and cijanamide. Dynamometer measurements, 
made several years after the application of heavy dressings of chalk, 
have shown that the soil resistance is appreciably reduced as compared 
with untreated soil. Experiments with smaller dressings of chalk and 
equivalent dressings of lime have shown no appreciable reduction in soil 
resistance, at any rate in the year following the application. It is of 
interest to see whether there is any effect on the static rigidity. A large 
sample of an acid surface soil adjacent to the Park grass plots, Rotham- 
sted, was divided into a number of separate portions, to each of which 
was added a certain quantity of chalk, lime, or cyanamide, with thorough 
admixture. The amounts of lime, chalk, and cyanamide added to the 
soil were calculated on the basis that one part per thousand corresponded 
to 1 ton per acre in the field. After definite periods of time, a sample 
of each of these was removed, and made up into a paste at a moisture 
content of 50 per cent, in the usual way. The paste stood for 1 hour 
during the moisture content determination, and then, after the slight 
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necessary adjustment in concentration, was tested in the plastometer. 
The static rigidities are given in Table II. This table shows that: 

(1) Large quantities of chalk reduce the static rigidity but take some 
days to effect the reduction. 

(2) Large quantities of slaked lime likewise reduce the rigidity, but 
the effect is much more rapid. 

(3) Quantities of chalk and lime too small to affect the dynamometer 
measurements appreciably reduce the static rigidity. 

Table II. Effect of chalk, lime and cyanamide in various quantities on 
static rigidity of 50 per cent, paste , Park grass surface soil. 


{Sample 

Treatment 

Duration (days) 

Static rigidity (( 7 ) 

K 

Control 

— 

1-43 

L 

50 tons chalk p.a. 

0 

1 43 


7 

1*18 



25 

0-65 

M 

38 tons slaked lime p.u. 

0 

0-47 


7 

015 



25 

019 

N 

10 tons slaked lime p.a. 

0 

M2 



11 

26 

0-77* 

0-86 

() 

2 tons cyanamide p.a. 

0 

1 41 


10 

0-80 



24 

0-56 

}> 

1 ton slaked lime p.a. 

0 

1*39 



1) 

0*86 



26 

0-94* 

Q 

\ ton cyanamide p.a. 

1 

1*30 


27 

0*55 


* Results known to be somewhat uncertain. 

Static rigidity and concentration of paste. The importance of the con- 
centration of soil in the paste was referred to at the end of the section 
dealing with the theory of the method, for it is clear that this factor 
must be taken into account in all measurements. A series of experiments 
was made therefore on the relation between concentration of paste and 
static rigidity, for a wide range of soils and clays. The results are shown 
in Fig. 5. The relation is evidently complex but the relative position of 
the curves on the diagram gives a clear indication of the extent to which 
colloidal properties are shown by the various materials. The curves for 
bentonite and the clay fractions are at the left-hand end; in other words, 
these materials display static rigidity at low concentration, whereas the 
lighter soils (at the right-hand end of the diagram) must be used in much 
higher concentrations before measurable static rigidity occurs. 
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Static rigidity and “ sticky 'point .” Recent work by Keen and Coutts 
on a wide variety of soils (10), and by Coutts (ii) on Natal soils, has shown 
that the moisture content at which a kneaded and plastic mass of soil 
is about to become sticky is a well-defined quantity that promises to 
be of service as a “single-value” soil measurement. Although there are 
exceptions, in general the sticky point appears to give a fair measure 
of the extent to which colloidal properties of the soil are developed. The 



Fig. 5, Variation of static rigidity in concentration of material. (1) Natural bentonite. 

(2) Clay fraction, Broadbalk field. (3) Oolitic clay. (4) Liassic clay. (5) Fiji lateritic soil. 

(6) Natural kaolin. (7) GoldCoast soil. (8) Surface soil from park grass field (Rothamsted). 

(9) Broadbalk soil, farmyard manure plot. (10) Broadbalk soil, unmanured plot. 

(11) Beaumont alluvial subsoil. (12) Punjab soil. 

results given in the preceding paragraph also suggest that the static 
rigidity-concentration curve may show a similar relationship. Inspection 
of Fig. 5 indicates that in the present stage of development of plasto- 
metric studies some convention must be adopted to select a single value 
of the static rigidity characterising a given soil. The most logical course 
would be to select the concentration corresponding to zero static rigidity, 
but the experimental error over this region becomes important, while 
extrapolation of the curve to the concentration axis is also subject to 
error. It appears better to adopt interpolation and to select that con- 
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centration at which any given material shows a static rigidity of a con* 
venient constant value, e.g. one unit. This interpolation gives the moisture 
content at which the soil shows a definite degree of rigidity and is there- 
fore analogous to the sticky point, differing only in the degree of rigidity 
chosen and in the method of measuring it. Among the small number of 
soils so far investigated, a close correlation exists between the two 
factors, except in the case of materials that are known to give anomalous 
behaviour in one or other of the measurements. Data for four normal 
soils are given in Fig. 6- 


•i 

c* 

Jbd 


50 


x(i) 


X(2) 


X(3) 


X(4) 


30L-. 

10 


20 30 40 

Volume concentration of unit rigidity 

Eig. (i. (1) Punjab soil. (2) Beaumont alluvial subsoil. (3) Park grass, Kothamsted. 

(4) Fiji lateritic soil. 


Summary. 

The laboratory study of the physical properties of soil and clays can 
conveniently be divided into three stages: 

(a) Moisture content comparable to that under field conditions. 

(b) Thick pastes. 

(c) Weak suspensions. 

The use of the plastometer for experimental work on intermediate 
stage is described and recent developments of the theory of the flow 
for thick pastes under stress are outlined. It is shown that certain 
constants defining the material can be obtained from the experimental 
data. The two to which special attention is given are the pseudo-viscosity 
(a quantity analogous to the viscosity of true fluids) and the static 
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rigidity (which represents the energy required just to cause the paste 
to flow and a measure of the solid cohesive properties of the system). 
The latter quantity is related to other physical measurements made under 
very different experimental conditions, e.g. the resistance of the soil to 
the passage of cultivation implements; the effect of chalk, etc., on the 
soil resistance; the moisture content at which a well-kneaded mass of 
soil is about to become sticky. 
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THE FLOW OF CLAY PASTES THROUGH NARROW TUBES 


BY G. W. SCOTT BLAIR AND E. M. CROWTHER* 

After the classic equation of Poiseuille was put forward to account for the 
flow of fluids through narrow tubes, it was not long before various workers 
turned their attention to the modification which the equation would re- 
quire in order that it might include within its scope those systems which are 
not true fluids, but have also some properties characteristic of solids. Trouton 1 
for example, noted that the torsion-viscosity of certain “very viscous liquids” 
was not independent of the force of shear. 

The first coherent attempt to produce a complete equation of flow for 
systems showing static rigidity was made by Bingham and Green . 2 
These workers showed that a certain amount of pressure was required to over- 
come static rigidity, and that under suitable conditions, the Poiseuille equation 
could be applied, provided that the pressure term was taken as an excess 
over that amount required just to overcome the static rigidity. They pointed 
out, moreover, that flow curves plotted with the ordinates, “ Amount of flow 
in unit time” and “Shearing stress applied” give for capillaries of different 
dimensions a family of straight lines, which, when extrapolated backwards 
over the region of low pressure (where the equation is not claimed to hold) all 
cut the “shear”-axis at a single point. This point gives a measure of the 
static rigidity of the system. 

Bingham 3 points out that this linear relationship holds only at high rates 
of shear: “Fortunately, by using the higher rates of shear we can apparently 
always obtain the simple linear relationship. If later experiments prove that 
this is not the case, it will be time to use the more complex formulas.” The 
constant corresponding to viscosity in the original Poiseuille equation, has 
been called by most workers by the unfortunate name of “Plasticity” and 
has the same dimensions as viscosity, although of course, it is not independent 
of pressure. Owing to the many different ways in which “Plasticity” has 
been used, we propose to term this constant “Pseudo viscosity.” The re- 
ciprocal of this value (analogous to fluidity) is known as “Mobility.” 

Further, since no word has hitherto been adopted to describe the state 
of a substance exhibiting both static rigidity and fluid properties, we propose 
the term “pachoidal” with the corresponding noun “Pachoid” (Greek 
Taxva thick). This would include substances showing the above pseudo- 
viscosity or Bingham's plasticity and also de Waele’s plasticity, (see below) 
should this prove to be a different phenomenon. 

* Soil Physics Dept., Rothamsted Experimental Station, Harpenden, Herts, England. 

1 Proc. Roy. Soc., 77 A, 426 (1906). 

* Bingham & Green: Proc. Am. Soc. Test. Mats., 1919 , 641; Green: 1920 , 450; Bingham: 
“Fluidity and Plasticity” (1922), and many papers. 

3 “Fluidity and Plasticity,” 226 (1922). 
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Many American workers, especially ceramists, have made practical use 
of such high shear measurements, and have generally agreed with Bingham 
that conditions under low shears are too involved to justify serious investi- 
gations at present. (See especially Shearer. 1 ) 

Reiner 2 has treated the whole question from the theoretical point of view 
basing his work on the postulate of a critical shearing stress which must be 
exceeded before plastic flow can start at any point and taking into account 
the fact that this critical stress is not attained at different distances from the 
centre of the tube at the same pressure but is attained first at a point nearest 
the wall. He accounts for the curved portion in the lower regions of the flow 
curve by considering the solid geometry of the “Extrusion figures” w r hen the 
critical shearing stress has been attained only in part of the cross-section of 
the tube, so that the material is flowung as a solid plug within an envelope 
which is being sheared. 

Buckingham 3 had previously arrived at a similar equation, but had also 
taken account of the fact that at low 7 pressures, before the critical shear has 
been reached, the system tends to flow through the tube as a plug, surrounded 
by a truly fluid envelope which is thin, and adheres to botli the wall, and the 
plastic material. This treatment leads to a flow curve of three portions: ( j) 
a straight line passing through the origin (plug flow); (2) a curved portion 
(combined plug and plastic flow) approaching asymptotically (3), a final 
straight line (plastic flow). 

As a final equation of flow’, lie gives, 

ttHW,, 4 , p<\ , tKVM> 

“8L V 3 . 5 IV 2 1 j 

where : — 

V is volume of flow r s in ccs. per second* 

R is radius of the capillary 
M is mobility 
L is length of capillary 
P is pressure applied 

e is thickness of liquid film through which plug flows 
<£ is fluidity (1/ Viscosity) of this liquid film 
p is pressure corresponding to critical shearing stress (f). 

* Buckingham actually prefers to write “v/t” where v is the volume flowing in t secs. 

The equation is qualified by the conditions that “the last term vanishes when 
there is no slip at the wall, and the first is to be omitted when P < (2f/R) 
= p.” Buckingham appears to have advanced no experimental evidence for 
this theory. 

De Waele, 4 finding that experimental flow curves are parabolic rather 
than linear, has questioned the whole treatment, and has shown that his 

1 J. Am. Ceramic Soc., 11, 542 (1928). 

2 Kolloid-Z., 39 , 80 (1926), and other papers. 

3 Proc. Am. Soc. Test. Mats., 1921 , 1154. 

4 Oil and Colour J.. 1923 , 33; 1927 , 232; J. Am. Chem. Soc., 48 , 2760 (1926); Kolloid-Z., 

36 , 332 (1925)- 
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equation, in which pressure is set as proportional (over a wide range) to a 
power of the flow, is valid at the very high pressures used by him. Many 
other workers (chiefly of the Ostwald school) claim that such an equation fits 
well the experimental facts at much lower rates of shear, and Green has 
pointed out that such a result would be expected on the Green-Buckingham 
theory if the experiments were carried out at insufficiently high rates of shear 
for the material investigated. It will be shown elsewhere that the results 
of the Ostwald school, when subjected to an alternative — and simpler — form 
of treatment, support the views to be given in the present paper. 

In this paper the authors propose to give: (1) quantitative evidence to show 
that an equation only slightly modified from that of Buckingham holds 
under certain conditions of shear; and (2) qualitative evidence in favour of 
the Buckingham theory for those regions where quantitative measurements 
have not been practicable. This evidence has been obtained from experi- 
ments on the behaviour of certain clays (chiefly agricultural) in a modified 
Bingham plastometer. 

The Apparatus 

The plastometer used in this work is essentially that used and described 
by Bingham and Green, the only modifications of importance being: (1) that 
there are two bulbs, the clay being sheared alternatively from one to the 
other; (2) that the level of clay in the two bulbs is kept the same so that no 
correction is required for hydrostatic head. 

The air is forced by a foot pump into a reservoir, being released through 
a sensitive valve. When the clay paste is flowing under constant air pressure 
as measured on a mercury or water manometer, the air displaced by the clay 
is allowed to escape through one of a series of capillaries selected of a size 
convenient for the velocity to be measured. The extremely small pressure 
behind this capillary (proportional to the amount of air flowing through it) 
is read on a sensitive alcohol manometer inclined at an angle of about 1:10. 
To obtain the velocity of flow in cm 3 /secs, the alcohol manometer readings 
need only be multiplied by a constant dependent on the dimensions of the air- 
capillary and determined by measuring the times required to shear a known 
volume of glycerine at constant rates. The pressures used varied from imm. 
water to nearly 50 cm. Hg. and the rates of flow could be measured with 
accuracy from 0.0002 — 2.0 cm 3 /secs. The whole apparatus was enclosed 
in a thermostat at 2 5°C. 

It will be seen from Fig. 1 that the apparatus is not geometrically regular. 
In order to be sure that the flow of a true fluid through the apparatus was 
closely in accordance with Poiseuille’s law, experiments were done with 
glycerine, kerosene, and water, and the flow curves obtained were found to be 
good straight lines passing through the origin. 

Although satisfactory results are obtained with natural clays and most 
soils, from which only the coarse sand has been removed, all the data given 
in this paper were obtained with separated clay fractions. Unless otherwise 
stated, the clay fractions were prepared from a heavy clay taken at a depth 
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of 3 feet below Broadbalk Field, Rothamsted. All the clay fractions were 
prepared by making a suspension in dilute sodium carbonate and decanting 
the top 8.5 cm. after sedimentation for 24 hours. The stable suspensions 
from a number of such repeated decantations were flocculated with dilute 
acetic acid, and filtered. The flocculated clay was washed with distilled water, 
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Fig. 1 

Plastometer Bulbs and Capillary 

thoroughly mixed and bottled. For each series of experiments, a quantity 
of the paste was gently rubbed once or twice through a wire sieve with aper- 
tures of 0.2 mm. side. All comparisons are between samples taken from a single 
batch; separate batches were used for Tables I, II and III. The concentration 
figure given is the number of grams of dry matter in 100 grams wet clay after 
drying for one hour at i65°C. 

The bentonite used for the dyed clay experiments was a commercial 
sample kindly given by Mr. A. de Waele. It was made up directly with dis- 
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tilled water without preliminary purification. It was then passed once more 
through the wire sieve. The dyed bentonite was washed until the wash- 
water was quite colourless. 

For high shears, about 40 cc. of clay paste were sucked into the plasto- 
meter bulbs having a capacity of about 50 cc. each, and for low shears, about 
8 cc of paste were used with bulbs of about 10 cc capacity. For high rates 
of flow a single reading, and for low rates, as many as six readings were ob- 
tained from each shearing from bulb to bulb. Under all the conditions con- 
sidered in this paper, the number of shearings to which the clay had been 
subjected had no effect on the flow curve. Duplicate samples gave closely 
concordant results. 

The Experimental Flow Curves 

A typical flow curve is given in Fig. 2. Owing to the wide range of rates 
of How, the curve is divided into two portions with rates given in mm 3 / secs 
and cm 3 / sees, respectively. It was generally found convenient to use different 
capillaries for exploring these two portions of the curve, but, for simplification, 
in presentation, the data in Fig. 2 are taken from experiments on a single 
capillary. It was of course necessary to change the air-capillary of the flow 
meter in order to cover such a wide range. Even smoother curves than those 
in Fig. 1 were obtained when different capillaries were used for the two por- 
tions. 

It is at once apparent from this figure that there are four separate stages 
in the behaviour of a clay paste subjected to increasing pressures. These are 
indicated in the diagram, and will be discussed separately. 

( "urves of the same type have been obtained for all the clays studied with 
the exception of kaolin, which gave serious irregularities due in part to seepage. 
In certain cases, as with clays of the bentonite type, stage II covered only a 
small range of pressures. After the removal of the coarse sand fraction, 
most soils gave curves similar to, and as regular as those of clays, but the con- 
centration had to be much more carefully chosen. 

On increasing the pressure gradually a number of different phases or 
regimes were obtained on the flow pressure diagrams. 

Stage I. There was no motion until a. well-defined critical shearing stress was 

reached. 

In order to be certain that the initial point of flow was really sharply 
defined, a pressure of only a few per cent less than the observed critical 
pressure was applied, while the flow-meter air-capillary was completely 
blocked up. No rise at all was noted although the merest movement would 
have given a very large displacement in the flowmeter; the addition of an 
extra 1-2 mm. Hg pressure gave a definite reading with the unblocked air- 
capillary. 

It will be seen from Table I that for flow in long narrow plastometer 
capillaries (with L/R greater than about no) the values obtained by multi- 
plying the pressure of initial flow (a) by the ratio R/L gave a constant (A) 
which was independent of the size of the capillary. For shorter and wider 
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tubes, this constancy did not hold. Further, for long and narrow capillaries 
the constant A was independent of the shape and size of the container bulbs, 
but with shorter and wider capillaries, as the ratio L/R was reduced below 
about i io, the critical pressures for initial flow began to show variations with 
changes in the form of the containers and approximate calculations indicated 
that the resistance of the bulbs themselves became significant. 

If we follow Buckingham in assuming a plug flow at low shears through an 
envelope of constant thickness, the existence of a critical shearing stress for 
the start of the flow, can only be interpreted by assuming either (t) that the 



A Typical Flow Curve 

Clay paste 18.1' ,'. Capillary No. 7. .11 = 0.060 cm. L = 10.60 cm. 


fluid layer comes into being suddenly when a definite stress is reached, and 
attains at once its constant thickness or (2) that the layer is not truly fluid, 
but itself exhibits static rigidity or (3) that some bonds or forces exist across 
the fluid layer (already present) which are broken down on the attainment of 
a certain critical shearing stress. 

Table I 


Stage I. Constancy of critical shearing stress (A) for long narrow capillaries. 
Capillaries for which L/R < no, or R/L > 0.09 are marked* 


10R/L Initial flow Critical shearing 
pressure stress, 

cm. Hg "a” 10. (A) 


^e No. 

Radius cm. 

Length cm 

2* 

0. 102 

8 . 00 

8* 

00 

0 

d 

7 . 20 

3 * 

0. 100 

10. 70 

6 

0.088 

10.65 

5 

0 . 086 

13.00 

3 3 

0.049 

8 . 00 

7 

0.060 

10.60 

1 1 

0 . 049 

10 . 00 

10 

0.050 

10.60 

12 » 

0 . 049 

12 . 90 


0.128 

14 

. 18 

0. 121 

1 • 3 

. 16 

0.094 

i-4 

■13 

0.083 

i-5 

• 12 

0.066 

i-5 

. 10 

0.061 

1 . 6 

. TO 

0.057 

2 . 1 

. 12 

0.049 

1.9 

.09 

0.047 

2 . 1 

. IO 

0.038 

2.7 

. IO 
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Alternative (3) seems the most probable, but the matter requires further 
investigation. The fact that readings can be taken repeatedly on both sides 
of the initial flow pressure indicates a reversibility which makes alternative 
(1) seem improbable. 


Stage II. In this stage the clay paste moves as a rigid plug through the tub# and 
the flow curve is linear over a considerable range. 

Fig. 3 shows a photograph of a tube in which a paste of bentonite dyed 
fast with crystal violet was pressed through a capillary containing natural 
white bentonite of approximately the same moisture content. The 
sharp line of demarkation indicates a true “plug” flow. 

Over this stage, the experimental points fall on a straight line 
within the limits of experimental error. 

Table II shows as an empirical fact that the slope (dv/dP = x) 
multiplied by L/IF gives a constant fa) which is independent of 
the dimensions of the capillary, provided that L/R exceeds about 
50. The significance of this in its bearing on Buckingham’s theory 
is dealt with below. 

Table 11 

Stage II. Constancy of X ( = xL/R 3 where x is slope) for 
( Afferent ea 1 >illa ries 

II 


'ube \o. 

Radius (cm) 

Length (cm, I 

L/io 4 R 3 

X 

icr 4 X 

4 

0 . 132 

0 

cc 

0 

0.47 

1.8 

0 

00 

'j'l 

3 

0.100 

10.70 

1 . 07 

0 

OC 

0 

0 . 86 

8 

0 . 087 

7.20 

1 . to 

0.82 

O . ()0 

6 

0.088 

10.65 

1 . 56 

0 . 60 

0.9 3 

7 

0 . 060 

10.60 

4.92 

0. 18 

0.88 

JO 

0 . 050 

10.60 

8.49 

0 . 1 1 

0 . 90 


Fig. 3 


Stage III. The day flows as a central plug within a stream-line shell of increas- 
ing thickness and the flow curve bends rapidly upwards. 

Qualitative evidence of the dual type of flow was obtained by a further 
experiment with dyed bentonite. Fig. 4 shows the cross-section of a capillary 
tube after the stress had reached the critical value, so that the dyed bentonite 
was now advancing as a central plug through a residual ring of undyed benton- 
ite. That the dyed bentonite represents a plug rather than part of a stream- 
line system is indicated by the fact that the flow curve has a definite curvature. 

Stage IV. For the highest rates of shear studied the flow curves become linear and 
the flow is streamline throughout. 

It is found that the slope of the flow curve (y) multiplied by L/R 4 gives a 
constant (Y) independent of the capillary. 

When the flow curves are extrapolated to the pressure axis, the intercepts 
(c) multiplied by R /L give a constant (O) independent of capillary. (Table III) 
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Table III 

Stage IV. Constancy of C ( = cR/L where c is extrapolated intercept) and 
Y = (yL/R 4 where y is slope) for different capillaries. 


Tube No. 

10R/L 

L/io 6 R 3 

C(cm Hg) 

C 

y 

io~ 6 Y 

3 

0 . 094 

0. 107 

7-5 

• 7 i 

7-5 

.80 

6 

0.083 

0.178 

8-5 

.70 

4-7 

.84 

7 

t'- 

0 

d 

0.820 

11 • 7 

.67 

1 . 1 

.90 

10 

0.047 

1 .70 

14.2 

.67 

0.50 

.85 


(Slopes are expressed in the same arbitrary units throughout.) 

(C) The Linear Portions of the 
Flow Curves 

Further evidence of the essential 
physical difference between the types of 
flow over the linear portions of the fiow 
curves in Stages II and IV was obtained 
by experiments in tubes which had been 
roughened internally by means of a mix- 
ture of ammonium fluoride and hydro- 
fluoric acid. The roughening of the capil- 
lary would be expected to interfere serious- 
ly with the thin envelope through which 
the plug flows in Stage II but to have 
little or no effect on the streamline flow 
of Stage IV. 

5 gives the flow curves in both stages for a smooth and a roughened 
capillary of approximately the same diameters, together with curves calcu- 
lated from the constants of the smooth tube for a tube of the same dimensions 
as the roughened one. In the streamline regime (Stage IV.) the experimental 
points for the roughened tube approximate to the calculated curve. But in 
Stage II there is a wide divergence and the rate of flow for a given pressure 
is greatly reduced. Further the flow curves were often more irregular than 
in the example given, indicating that the envelope was not only considerably 
reduced in thickness but was also less uniform. 

Ihe constants (X and Y) derived from the slopes in Stages II and IV 
(Tables II and III) were found empirically to be connected, in that the ratio 
X/Y for a wide range of concentrations of the same clay was constant within 
the limits of experimental error. Clays of widely different geological types 
gave slight but significant differences in values of X/Y. (Table IV). 

Such a relationship between X and Y was indicated in the work of St. 
John 1 who made comparisons with flour suspensions between a low-shear 
plastometer of his own design and the Bingham high-shear plastometer. 
Although St. John regarded both cases as instances of streamline flow, it 
seems probable that the low shear apparatus was giving a plug flow and that 
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the correlations obtaining between the two sets of results for different flours 
depend on a somewhat similar relationship between X and Y. 

A correlation of certain of the above plastometric constants for soil pastes 
with agricultural factors, such as the resistance of the soil to the plough, has 
been found and will be discussed elsewhere. It may be mentioned that some 
soils showed visible “seepage”* and a consequent failure to give reproducible 
results on repeated shearing. Experiments are also in progress on the plasto- 
metric behaviour of clays and soils, with special reference to flocculation, ex- 
changeable bases, and the effect of lime and fertilisers on soil tilth. 


20 

15 

10 

5 

0 

Effect of Roughened Capillary Surface on Flow Curves 

Table IV 

Values of Ratio X/Y for different concentrations of three clays 
Clay A. Clay from Broadbaik Field, Rothamsted 



Clay B. 

Oolitic Clay Clay C. 

Liassic Clay. 



Clay A 

Clay B 


Clay C 


Concentration X/Y 

Concentration 

X/Y 

Concentration 

X/Y 

21.9 

2 . 2 

24 . 8 

1 ■ 5 

24.5 

1 • 7 

! 9-3 

1.8 

23.8 

1.5 

20.8 

i -7 

18.4 

2 .O 

19 -5 

i -5 

18.3 

1.4 

18.2 

2 . 2 

18 . 2 

1 . 1 

16.4 

1.6 

15-5 

2-3 

17.2 

1 .6 

12 .6 

2.0 

! 4.3 

2.0 

14.6 

1 .0 



11 .8 

2 . I 

ni 

1-5 



10.7 

2.3 





Mean 

2.2 


14 


1 * 7 


* “Seepage" is defined as the condition in which the liquid suspension medium flows 
more rapidly than the hulk of the solid matter. 


___ resu/rs for 3777 00 /h 

"O— co}? 7 / 3 f/r/son fubr 

Cwrre ca/ctz/afac/ for 377700 th cc/fj/Z/erry 
of >170 *i'/'t7Jr’77S/077S rot/y/rc/rr*/ tube 

f £*/j?r/ 7 >t (>77/07/ resu/Zs fro 777 rouyhrrrtot A/be 
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Modification of Buckingham’s Equation 

Although the experimental data presented are not sufficient to test the 
whole range of Buckingham’s equation, the constants derived from the two 
linear portions are in agreement with it, provided that it is modified to cover 
the initial region of no movement. This involves altering his assumption that 
the lubricating envelope acts as a true fluid for very low pressures. It is 
necessary to assume that a critical shearing stress must be obtained before 
any motion takes place and to deduct the equivalent pressure before applying 
the equation. This new shearing stress must not be confused with Bucking- 
ham’s critical shearing stress (f), which refers to the beginning of streamline 
flow in the paste itself (Stage III). 

The above modification in the hypotheses in Buckingham’s equation would 
lead theoretically to the expression 

V = ,rR ^ ( p _ 4 n + JpA , ?rR 4 «<ft (P - a) 

8L V 3 3P 3 / aL 

The relationships between this expression and the constants derived from 
the above experimental data are as follows, 

Stage I and II. a = the pressure equivalent to the critical shearing stress. 
Stage III €c p = x = (L/R 3 ). slope. 

Stage IV 4/3P = c ( = extrapolated intercept.) 

and fi — Y — L/R 4 . slope. 
i/Y = pseudo- viscosity 

Our thanks are due to Dr. B. A. Keen for his interest and criticisms 
throughout the progress of this work, and also to Mr. A. de Waele for advice 
in the earlier stages, especially in connection with the design of the plasto- 
meters. 

Summary 

(1) A modified plastometer of the Bingham and Green type has been 
devised, suitable for experiments on small amounts of clay and soil pastes 
over a range of applied pressure of from 0.05 to 50 cm Hg, and rates of flow 
of from 0.0002 to 2.0 cm 3 /secs. 

(2) The flow curves fall into four stages. In the first stage there is no 
flow; in the second the value of dV/dP is constant; in the third it increases 
rapidly and in the fourth it is again constant. The movements are succes- 
sively — plug flow, plug flow with stream line flow in an outer sheath, and 
entirely streamline flow. 

(3) This behaviour is shown qualitatively by experiments with dyed 
clays and for the most part quantitatively from the constancy of the plasto- 
metric functions to agree with an equation slightly modified from Bucking- 
ham’s theoretical equation. 

(4) It is found as an experimental fact that the ratio of the constants 
derived from the slopes of the plug and streamline stages respectively is con- 
stant over a wide range of concentration for a single clay. For clays of widely 
different geological origin variations in this ratio are small, but probably 
significant. 





THE INFLUENCE OF THE PROXIMITY OF A SOLID WALL ON THE 
CONSISTENCY OF VISCOUS AND PLASTIC MATERIALS* 


BY R. K. SCHOFIELD AND G. W. SCOTT BLAIR 

Introduction 

In attempting to derive an expression for the rate of flow of a viscous or 
plastic material through a straight narrow tube of uniform cross-section 
under a pressure gradient, it is usually assumed: 

(1) that each particle of the material moves with constant velocity in a 
straight line parallel to the axis. 

(2) that there is no slip at the wall of the tube. 

(3) that the velocity gradient at any point depends only on the shearing 
stress at that point. 

Using these assumptions, it is shown below that, no matter how complex 
the relationship between velocity gradient and shearing stress (so long as 
the former is fixed when the latter is fixed), the volume extruded in unit time 
will depend, for a given stress at the wall of the tube, upon the cube of the 
radius. While this is true for fluids, and is also true or nearly true for thick 
pastes of soil and other minerals, it is found not to be generally true of such 
pastes when examined over an extended range of concentration. Dis- 
crepancies would occur if condition (1) were invalidated owing to turbulence; 
but reasons are given for considering it unlikely that turbulence is responsible 
for the effect. It is found that the mean velocity, instead of being propor- 
tional to the radius, is divisible into two parts, one proportional to it and the 
other independent of it. The second term apparently represents a velocity 
imparted to the bulk of the material by an excessive velocity gradient near 
the wall of the tube, suggesting that the proximity of a solid wall influences 
the consistency of these materials and causes a breakdown of condition (3). 
On subtracting the second term, the contribution made to the mean velocity 
by the flowing of the bulk of the material is presumably left, from which con- 
sistency constants relating to the material in bulk can be obtained inde- 
pendent of the dimensions of the tube. 

Theoretical. 

If condition (1) of the introduction be granted, so that the particles are 
not accelerated, the stress, W, at the wall of a tube of length L and radius R 
to which a pressure difference P is applied is PR/2L; while the stress, S, at a 
point T within the tube and distant r from the axis is Pr/ 2L. Consequently 
r can be expressed in terms of S thus: 

r « R/W. S. (1) 

* Soil Physics Department, Rothamsted Experimental Station, Harpenden, England 
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Jf v bo the velocity at T, we may write in accordance with condition (3) 

dv/dr = -f(S). 

Substituting the value of r given by equation (i), and integrating 

V = R/W^"f(S)dS, (ii) 

if, in accordance with (2) v = o when S = W. The flow dV, between r 
and r + dr = 2 7rdr.v. Substituting for r and v from equations (i) and 
(ii) and integrating, 

ST-" vkT S /’« S,dSdS m 

From this it is clear that, for any given material, V/7rR 3 shoulc} depend only on 
W if the three conditions are fulfilled. 

By making specific assumptions about the form of f (S), V/rit 3 can be 
evaluated. Thus using the Maxwell assumption that 

f (S) = m S 

where n (the fluidity) is the reciprocal of the viscosity, equation (iii) reduces 
to Poiseuille’s equation in the form 


V 

ttK« 


1 


In the same way the expression based on the Bingham 1 assumption can 
be deduced. Here it is supposed that the material does not flow unless a 
stress exceeding a critical value, S 0 , be applied to it and that, at stresses 
higher than S 0 , the velocity gradient equals /x (S — So). Again n is a con- 
stant having the dimensions of a reciprocal viscosity, and is usually called the 
mobility. When such a material is forced through a tube, a central cylinder 
of radius RS 0 /W, within which the stress is less than S 0 , moves as a solid 
plug, and only the material outside this cylinder flows. When W is less than 
S 0 , no flow occurs, and V = o. In substituting in equation (iii) to obtain 
the value of V when W exceeds S 0 , it must be remembered that, since f(S) is 
discontinuous, being zero from o to S 0 and n (S — S 0 ) from So to W, the in- 
tegrations must be carried out in two stages. This has the effect of splitting 
V into two terms, thus 


£ - f\ /".(S-S.) dS.dS. 


The first is the contribution of the plug, the second is that of the flowing 
material between it and the wall. This reduces to 


V 

ttR 3 




which is subject to the condition that W > S©. This is equivalent to the 


E. C. Bingham: “Fluidity and Plasticity," (1922). 
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equation 1 deduced by Buckingham, 2 and independently by Reiner. 3 The 
graph connecting V/VR 3 and W corresponding to this equation is tangential 
to the W axis at W = S Q . It is strongly curved for values of W only slightly 
exceeding S c , but at higher values approximates to a straight line of equation 


V 

7tR 3 


- 1 - H ( w - - 4 * - So). 

4 3 


This line makes an intercept on the W axis equal to 4/3. S 0 , and, like the cor- 
responding graph of the Poiseuille equation, has a slope of 1/4. p. The true 
curve is steeply asymptotic to the limiting straight line, the discrepancy in 
V being less than i c / when W exceeds 2.2 times the intercept of the limiting 
straight line. 

If the parabolic relation 

f(S) = m S n 


of the Ostwald type 4 be assumed, equation (iii) reduces to 


V 


n+3 


M -W n 


which is equivalent to the equations given by Farrow, Lowe and Neale, r ’ 
and Porter and Rao. 6 The constant p has dimensions which depend on the 
exponent n. The graph in this case starts from the origin, and is curved 
throughout its length. The curvature is never very strong, but it decreases 
only slowly with increasing W. 


Experiments. 

The modified Bingham plastomcter used in this work has already been 
described. 7 The paste to be investigated is made by mixing the soil, clay 
or other mineral with water into a smooth paste, which is then forced through 
a one hundred mesh-per-inch sieve to remove any coarse particles. The 
paste is then diluted to the required concentration, and sucked into the 
plastometer bulbs which, for the high-stress w T ork here described, have a 
capacity of 100 c.c. each. The material is forced alternately from one bulb 
into the other through one of a series of standardised tubes, the level in the 
bulbs being kept approximately the same by tilting the whole system about 
a pivot. For this more accurate work with larger bulbs it becomes necessary 
to correct the pressures for the resistance offered by the bulbs themselves. 
For this purpose the bulbs are connected directly with one another, and the 
pressures corresponding to a series of volume-flows are measured. By graphi- 


1 Buckingham’s equation contains an additional term which is negligibly small when 
W exceeds S p and which is referred to below. 

2 E. Buckingham: J. Am. Chem. 80c., Test. Mat., 1921 , 1154. 

8 Reiner: Kolloid-Z., 39 , 80 (1926), etc. 

4 Wo. Ostwald (and others): Kolloid-Z., 36 , 99, 157, 248 (Zsigmondy Festschrift) 252 
(1928)- 38 , 261 (1926); 41 , 56, 1 12 (1927). (This type of equation was, of course, not origi- 
nated by Ostwald, but he has made much use of it.) 

* Farrow, Lowe and Neale: J. Textile Inst., 19 , T 18 (1926). 

6 Porter and Rao: Trans. Faraday Soc., 23 , 31 1 (1927). 

7 G. W. Scott Blair and E. M. Crowther: J. Phys. Chem., 33 , 321 (1929). 
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cal intrapolation the correction, Pb, corresponding to each volume-flow can 
be estimated. As no appreciable increase in resistance is caused by intro- 
ducing a few millimeters of narrow tubing between the bulbs, it may safely 
be concluded that no kinetic energy correction is necessary with these meas- 
urements. The tubes had been carefully selected with a view to uniformity 
of bore and were standardised by weighing the quantity of mercury required 
to fill them. A series of constant pressures are applied by means of com- 
pressed air, the pressure being measured on a water or mercury manometer 
according to its magnitude. The air displaced by the clay is allowed to 
escape through an air-capillary of suitable dimensions. The pressure dif- 
ference (negligible in comparison with the applied pressure) is measured on 
an alcohol manometer at an angle of one in ten (the flow-meter), and is 
directly proportional to the volume of flow of paste per second. The mois- 
ture content of the paste is determined by heating a sample for one hour in 
an oven at a temperature of i6o°C. The concentration, K, is expressed as 
the number of grams of dry matter per xoog paste. Volume concentrations 
are calculated on the basis of a constant specific gravity for the dry material 
of 2.7. 

In carrying out this work efforts have been made to use as wide a range of 
radii as possible. Although it is hoped in the future to increase this still 
further, difficulties will first have to be overcome. Thus the use of very wide 
capillaries involves large volumes of material and consequently big bulb 
correction (always difficult to determine accurately). Moreover the in- 
creased length that must be given to the tube necessarily entails a sacrifice 
of uniformity in the bore. Thus beyond certain limits, the loss in accuracy 
renders further increase in radius of no advantage. With very narrow tubes 
so coarse a system as a soil-paste behaves erratically. 

In Table I are given, as an example, the complete data for a sample of 
Broadbalk Field subsoil similar to that of which the clay-fraction has been 
used in the previous work. 


Table I 

Plastometric data for Broadbalk subsoil paste (33.5 g dry soil per 100 g paste). 


Cap. II. R = 0.093 cm. L — 12.20 cm. 


p 

a 

V 

Pb 

S 

V. 

8.0 

30 

2 .0 

1 . 1 

3-5 

•75 

9.0 

4-2 

2.7 

1 -3 

3-9 

1 05 

ro .0 

4-4 

3 -o 

i -4 

4 4 

1 . 10 

ti .0 

5-2 

3-5 


4 9 

1 -30 

12 .0 

5*7 

3-7 

i -5 

5-4 

1 .42 

13. 0 

6.7 

4.6 

1.8 

5-7 

1.68 

14.0 

7.0 

4.8 

1.8 

6.2 

1 * 75 

Wo 

8.2 

5-4 

1.9 

6.7 

2.05 
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Cap. III. R 

= 0.073 cm. 

L - 

12.10 cm. 



P 

a 

V 

Pb 

S 

V. 

14.0 

2.8 

1.9 

1 .0 

5-2 

113 

16.0 

3-7 

2-5 

i -3 

5-9 

1.49 

20.0 

4.2 

2.9 

1.4 

7-4 

1 73 

22 .0 

5 -i 

3-5 

i -4 

8.2 

2 .08 

24.0 

5-7 

3-9 

i -5 

9.0 

2.32 

26 .0 

6 . 1 

4.2 

1 .6 

9-7 

2.50 

28 .0 

6.8 

4.6 

1.8 

10.4 

2.74 

30.0 

7-3 

5 -o 

1 .8 

1 1 . 2 

2.97 

Cap. 7 R = 

0.059 cm L 

= 10 

.60. cm 



P 

a 

V 

Pb 

S 

V. 

15 .0 

1 -5 

1 .0 

0.7 

5-3 

o -93 

20.0 

2 .4 

i .6 

1 .0 

7 -i 

1 . 48 

25.0 

3-2 

2 . 0 

1 . 1 

8.9 

1 . 98 

30.0 

4.0 

2 .6 

1 -3 

1 1 . 1 

2.50 

35 0 

4-8 

3 -i 

1.4 
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v is mean velocity in metre /secs. 
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It is well known that the data obtained with such an apparatus when 
plotted on a V/VR 3 - W basis fall into two groups. In one, which may con- 
veniently be called type A the points for a single tube lie, within the limits of 
experimental error, on a straight line passing through the origin. In the other 



Fig. i 

Legends incorporated in four corners of each quarter of drawing. 


(type B) this is not the case. Our own measurements not only confirm this 
fact but show that each group must be further subdivided according as the 
curve obtained is or is not independent of R. There are thus four possibilities, 
an instance of each which is given in Fig. i. 

With the water-glycerine mixture (type Ai) a single straight line through 
the origin gives an adequate representation throughout the range of stress 
used. This is not true of the dilute suspension of very fine soil particles. 
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(type A2) Here the best line though passing through the origin has a larger 
slope the smaller the radius. Thus the disconcerting fact is here revealed that 
a straight line through the origin obtained with a single tube is not by itself a 
proof that Poiseuille’s law is being obeyed. 

The thick paste of Broadbalk Field surface soil gives points which, though 
more erratic than those for water-glycerine, show no regular trend with change 
of radius. Nevertheless they cannot be represented as falling on a straight 
line through the origin (type Bi ). The behaviour of thick soil pastes has al- 
ready been described in detail in the earlier paper , 1 where it is shown that the 
curves can be interpreted in the light of the Bingham postulate. New and 
more accurate measurements over a wider concentration range has shown 
that a slight spreading noticeable in some of the earlier data and attributed 
to experimental error cannot be so explained. In thinner pastes of soils, 
clays and simple minerals such as barytes and gypsum the spreading is very 
marked. A kaolin paste of moderate consistency is given as an example 
(type B2). Here as with type A2 V/ttK 3 for a given value of W increases as 
R decreases. 

An alternative way is to regard type B2 as the general case: the other 
three being special and simpler cases. Such a view raises the question as to 
whether all these systems are susceptible to the same treatment, and can there- 
fore be represented by a single though complex, equation. Already in the 
interpretation of curves of the Bi type, two distinct schools of thought have 
developed, one of which bases its treatment on Bingham’s postulate and the 
other on the Ostwald postulate. This is not the place to enter into a general 
discussion of the relative advantages of the two methods, suffice it to say that 
all the soil and mineral pastes investigated in this laboratory are more amen- 
able' to the first method; and that although there undoubtedly are systems 
such as benzene-rubber and pastes of at least some starches that give curves 
of a shape not accounted for by the simple Bingham postulate, it is neverthe- 
less true that much of the data which is represented as conforming to a 
relationship of the Ostwald type can as well be cited in support of the simple 
linear relationship. (Vide Herschel and Bulk ley ,' 2 Porst and Moskowitz , 5 
Scott Blair , 4 Ostwald 5 ). 

Hatschek 6 has criticised the practice of extrapolating flow-curves by means 
of straight lines, and considers that, failing a discontinuous change from a 
curved to a st raight port ion, the choice of the portion to be regarded as straight, 
is arbitrary and a matter of scale. According to the Bingham treatment 
these straight lines are asymptotes to which the true flow-curve approximates 
more and more closely as the stress increases. It is clear in general that the 
error involved in drawing an asymptote to an experimental curve depends on the 

1 G. W. Scott Blair and E. M. Crowther: J. Phys. Chem., 33 , 321 (1929). 

3 Herschel and Bulkley: Ind. Eng. Chem., 16 , 927 (1924) etc.; Proc. Am. Soc\ Test. 
Mat., 26 , 621 (1926). 

3 Porst and Moskowitz: J. Ind. Eng. Chem., 14 , 49 (1922). 

4 Scott Blair: Kolloid-Z., 47 , 76 (1929). 

6 Ostwald: Kolloid-Z., 47 , 176 (1929). 

6 Hatschek: “The Viscosity of Liquids,” 209 (1928). 
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steepness of approach. It would certainly be difficult to draw the asymptote 
to a rectangular hyperbola given only a portion of the curve; but the criticism 
loses its force where the curve is of the Buckingham-Reiner type. In this 
case, already noted, the discrepancy in V is less than i% for values of W 
greater than 2.2 times the intercept. Above this limit the difference between 
the true curve and the limiting straight line should be outside the limits of 
experimental error. This is borne out in practice with soil and clay pastes, 
so that linear extrapolation appears justified with these materials. 

Discussion. 

These experiments yield the result that for many viscous suspensions 
(type A) as well as plastic pastes (type B), V/xll 3 does not depend only on W. 
As the variation of the former quantity sometimes approaches twofold for a 
twofold variation of radius, the effect is evidently quite outside the limits of 
ordinary experimental error. Moreover the fact that the apparatus gives a 
very satisfactory verification of Poiseuille’s law for true fluids indicates that 
it works satisfactorily. The effect has every appearance of being genuine. 
The next step therefore is to seek its cause. This must lie in a breakdown of 
one or more of the three conditions set out in the introduction. These will 
be considered in turn. 

A breakdown of the condition that the particles move with a constant 
velocity parallel to the axis would occur if the flow were turbulent. Although 
no complete theory of turbulent flow has yet been advanced, it is generally 
considered that its presence is marked by a falling off in the slope of the flow- 
curve as the stress is increased. Such a falling off does occur at very high 
stresses, particularly with the more dilute suspensions ; but the curves obtained 
with a view to elucidating the effect under discussion were not followed far 
enough for this to happen, and as can be seen from the examples given, show 
no signs of curvature over the range examined. It might be urged that the 
close approximation to linearity arises from a chance cancellation of opposite 
curvations, in a manner similar to that suggested to explain the “Laminarast” 
or linear portion of the flow-curves obtained by Ostwald and Auerbach. 1 
As against this, it should be pointed out that many hundreds of flow-curves 
for clay and soil pastes have now been accumulated in this laboratory, and 
not one reliable curve has been obtained which cannot be fairly represented by 
a straight line at sufficiently high stresses. It seems inconceivable that an 
exact cancellation of two unconnected tendencies should occur in all these 
cases. It is more reasonable to interpret the straightness as an indication 
that these materials are obeying both condition (1) and the Bingham postulate 
and to endeavour to deduce an equation of the Buckingham-Reiner type based 
on a modification of conditions (2) and (3). 

Until the results to be expected when flow is turbulent have been more 
fully worked out, it is impossible to exclude it altogether from the possible 
causes contributing to the effect. All that can be said at present is that there 

J 08 twald and Auerbach: Koiloid-Z., 38 , 261 (1926); 41 , 56 (1927). 




Fig. 2 

from the data in the table is shown in Fig. 2. Since according to the Bucking- 
ham-Reiner equation (see above) the points should lie above the limiting 
straight line by more than 1% at values of W less than 2.2 times the intercept 
these have been omitted, and only those for stresses above 4.4 dynes/mm 2 
have been used for locating the limiting straight lines. As these have a 
common intercept their slopes would be proportional to R were V/VR 3 
dependent only on W. Actually when the slopes <r are plotted against R a 
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straight line can in all cases be drawn through the points, but for types A 2 
and B2 this does not, when extrapolated, pass through the origin, but gives 
a positive intercept on the slope axis. Curves connecting <r and R which 
may conveniently be spoken of as derived curves are given in Fig. 3 for the 
four sets of curves of Fig. 1. The derived curve obtained from Fig. 2 together 
with ones for pastes of barytes and gypsum are given in Fig. 4. If turbulence 
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Fig. 3 

Derived curves 

were the sole cause of the effect, the disturbance would presumably be most 
marked in the widest tube. In these conditions the mean velocity for a given 
stress on the wall should be more nearly proportional to the radius with the 
smaller tubes than with the wider ones. In other words the derived curve 
should approximate more closely to a straight line through the origin the 
smaller the radius. It will be seen that the curves in Figs. 3 and 4 taken as a 
whole do not support this idea. 

If, on the other hand, the derived curves are in reality straight lines (as 
shown), the fact that some give an intercept might be interpreted as indicating 
that conditions (1) and (3) are fulfilled, but that in such cases there is a slip 
at the wall. The slope cr, and hence the mean velocity at a given value of W 
can in these cases be separated into two components, one proportional to 
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the radius and one independent of it. It seems more probable however that 
the second component instead of representing an actual slip at the wall should 
be regarded as a velocity imparted to the bulk of the material by excessive 
flowing of the material in the immediate vicinity of the wall. Provided that 
the thickness of the region in which this excessive flow takes place is both 
independent of the radius and also small in comparison with it, the effect on 



the mean velocity would be the same as that of a slip at the wall itself. There 
would however be a difference in tubes so narrow that the radius is of the 
same order of magnitude as the thickness of the region of excessive flow, as in 
this case the derived curve would bend round towards the origin. 

The first component of the mean velocity, since it is proportional to R is 
presumably due to the flow of the material in bulk, and therefore equal to 
V/ttR 2 calculated from equation (iii) using the appropriate value for f(S). 
In cases where the Bingham postulate is applicable to the material in bulk 
the first component will be that given by the Buckingham-Reiner equation 
and the slope of the derived curve will equal £/ it. The second component of 
mean velocity is equal, according to the constructions in Figs. 2 and 3, to 
(To (W — C) when <r 0 is the intercept of the derived curve on the a axis and C 
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the common intercept of the flow curves (Fig. 2) on the W axis (which accord- 
ing to the Buckingham-Reiner equation should equal 4/3 S 0 ) 

The existence of a very thin layer of fluid of the consistency of water, 
separating the paste from the wall has been assumed by Buckingham to ac- 
count for the small movement which occurs at stresses so low that the bulk 
of the material does not flow. This view, slightly modified, was adopted in 
the earlier paper, where it was shown experimentally that this flow is related 
to the stress thus: 

V/ttR 2 = v = €<j> (W-A) (vii) 

A being a constant stress below which no movement occurs, c the thickness 
of the layer and <t> its mobility. It might at first appear that the second com- 
ponent of the velocity is the same as the above. This, however, can hardly 
be the case since <r 0 is found to have a magnitude some 100 times that of ecf). 
For this reason the second component, unlike the Buckingham term, cannot 
be neglected at high stresses when the material is flowing. Assuming a value 
of <fi equal to the fluidity of water in bulk, the thickness e is of the order 
io~ 5 cm. The corresponding thickness calculated from <r 0 is of the order io~ 3 cm 
As the mobility of the modified layer cannot be greater than that of water in 
bulk and is probably less, this latter is a minimum estimate. 

Experiments with tubes, the walls of which had been etched with fluoride 
ilso reveal an essential difference between the two phenomena. It was found 
(loc. cit.) that etching greatly interferes with the motion at very low stresses 
and renders equation (vii) inapplicable. No corresponding influence on cr 0 
is observed. Thus it will be seen from Figs. 1 and 3, that the points obtained 
with the etched tube fall into line with those for the smooth tubes. A further 
distinction is apparent in the behaviour of pastes made from soils that have 
previously been air-dried. Movement at low stress is inhibited whereas no 
similar interference is found at high stresses. It would appear therefore that, 
where the derived curve does not pass through the origin, there exists in the 
immediate neighbourhood of the wall of the tube a region in which the viscous 
or plastic properties of a material flowing through it are modified. When a lami- 
nated material such as a clay paste flows through a tube particles near the wall 
will tend to align themselves in the direction of flow, and be unable to rotate 
under the influence of the viscous couple acting on them. In the bulk of the 
material the particles will rotate sufficiently to prevent any alignment. If 
indeed there be any such an orientation near the wall it might give rise to 
an increase in mobility as the wall is approached and thus to a deviation 
from equation (iii) such as is actually observed. On the other hand attempts to 
eliminate the a 0 term by the use of materials which are believed to be devoid of 
laminar structure has so far proved unsuccessful. Only true fluids show both 
no (To term and no rigidity. An alternative explanation would involve an in- 
creased concentration of the suspended material towards the centre of the 
tube relative to the region near the wall, the relatively more dilute material 
having a greater mobility. In order to test this idea a sample of clay sus- 
pension giving a high value for <r 0 was forced through a metal tube through 
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the side of which a hole had been drilled. This hole was very small so that 
the exuding of material through it would scarcely interfere with the flow in 
the tube. Although a larg6 variation in concentration would have to be as- 
sumed to account for the value of <r 0 observed, no appreciable difference 
in concentration was found between the exuded material and the rest. 

We are not, therefore, in a position to offer a detailed physical explanation 
of the effect observed. Yet the view that the properties of the material are 
modified in the neighbourhood of the wall is supported by another fact which 
has been repeatedly observed, but which has hitherto received no explana- 
tion. It will be seen that in Fig. 2 of the previous paper (p. 326) the ratio 
of the extrapolated intercept on the pressure axis in the V-P curve, to the 
pressure at which flow at the wall just starts, is somewhat greater than the 
4/3 necessitated by the Buckingham-Reiner equation. This discrepancy 
may well be due to a decreased value of S 0 in the neighbourhood of the wall. 

The Determination of Consistency Constants. 

Methods for determining absolute consistency constants have hitherto 
been based on the supposition that, provided the motion is not turbulent, 
V/ttR 3 depends only on W and the nature and concentration of the material. 
Where this is not true (Types A2 and B2) the methods require modification 
whether the constants are defined with reference to the curves obtained by 
plotting V/VR 8 against W (Buckingham-Reiner equation) or by plotting the 
logarithms of these quantities (Farrow, Lowe and Neale equation). In such 
cases, it is impossible to define a viscous constant for the material from meas- 
urements made with a single capillary, since there would be a progressive 
change in its value with radius were the usual method adopted. An instance 
is given in Fig. 5 where the viscosity as given (1) by the Poiseuille-Bingham 
method for wide and narrow capillaries respectively and (2) from the slope 
of the derived curve is plotted against the concentration. The latter 
construction has the advantage of giving a single constant independent of 
radius, which, if the considerations advanced above are correct is a measure of 
the viscous properties of the bulk of the material. 

Moreover, the shape of the viscosity-concentration curve as given by the 
second construction is such as would be expected if the deviation from lin- 
earity were due simply to a decrease in the extent of hydration of the par- 
ticles. This shape is not reproduced in the curves derived from the single 
capillaries. The curve from the smallest capillary has an upward curvature 
of the type frequently obtained for concentration curves for hydrophylic ma- 
terials with a simple Ostwald viscometer. 

It is at least apparent that measurement of the viscosity of suspensions 
cannot be considered to be reliable unless made with at least two tubes of 
reasonably differing radii. 

The method at present used in this laboratory for determining the con- 
sistency constants for soil and clay pastes is as follows: 

The data for a series of four or five different capillaries having a total 
range of radius of at least two-fold are plotted out on a V/n*R 2 :PR/2L basis, 
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the values of P having previously been corrected for the resistance of the 
bulbs. The best straight lines are then drawn through the points in such a 
way that they converge on the stress axis. The point at which these extra- 
polations converge is taken as the rigidity, C. 1 The slope (or) of each curve 
is then measured (i.e. the rise in V/7rR 2 per unit increase in stress) and or 



Fig. 5 

is plotted separately against R. The slope of the derived curve (dR/d<r) 
divided by 4 is taken as the viscous constant rj' (pseudo- viscosity = i/fx) 
and the intercept of the extrapolated curve on the <r axis as <r 0 , a measure of 
the wall effect. 

Fig. 5 shows an interesting relationship for a clay fraction between <r 0 
and concentration, the value of <To passing through a maximum at a low 

1 This is, of course, the “limit of rigidity” i.e. Bingham’s yield value, not the rigidity 
modulus. 
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concentration and disappearing for pure water and also at high concentrations 
where the high rigidity limits a further extension of the concentration range. 
Accurate measurements of a 0 at low concentrations are not easy, and the 
values are liable to a fairly large error, but there can be no doubt as to the 
general shape of the curve. It is of interest that the maximum of the curve 
occurs at about the same concentration as that at which rigidity first makes 
its appearance. 

Since the dimensions of do are somewhat inconvenient, an alternative 
method is to extrapolate the derived curves still further onto the negative 
radius axis. In this way a hypothetical length (R 0 ) is obtained which must 
be added to each radius before the equation stating the proportionality of the 
slope of the V/7 tR 2 : PR/2L curves to (viscosity X radius) can be applied. 
In other words R 3 (R + R 0 ) takes the place of the R 4 in the equations of 
Poiseuille or Buckingham-Reiner when written so as to give V directly in 
terms of P. 

Our thanks are due to Dr. B. A. Keen for his interest and criticisms 
throughout the progress of this work. 

Summary 

If, in considering the flow of a plastic material through a narrow tube, it 
be assumed that the velocity gradient at any point depends only on the 
stress at that point, it necessarily follows that the mean velocity for a given 
stress at the wall of the tube should be directly proportional to the radius 
of the tube. Although thick soil pastes conform closely to this requirement, 
thinner pastes whether they show rigidity or not give marked discrepancies. 
These discrepancies can be accounted for by assuming that in the immediate 
proximity of the wall a modification of the plastic properties occurs, which 
imparts an additional velocity to the bulk of the material. By first sub- 
tracting this velocity a viscosity constant is obtained independent of the 
dimensions of the tube. 




[Reprinted from the Journal of Agricultural Science , Vol. XVIII. Part III.] 

[All rights reserved.] 



FURTHER NOTE ON THE CAPILLARY FORCES 
IN AN IDEAL SOIL. 


By It. A. FISHER, Sc.D. 

(Rothamsted Experimental Station , Harpenden .) 

In a previous paper (2) the author has treated of the statical forces due 
to capillarity in an ideal soil. That paper was written in order to amend 
certain erroneous formulae for the static stress in such a soil, previously 
put forward by W. B. Haines (i). These formulae covered only that 
range of water content in which the water exists in isolated rings sur- 
rounding the points of contact of adjacent soil particles, and after 
correction, both for the statical errors of the treatment, and for the 
geometrical approximation employed, it appeared that the cohesive stress 
ascribable to capillary forces falls off from its limiting value for dry soil 
at a rate of only a quarter of the rate found by Haines. 

Haines had experimented with certain soil-like materials with the 
intention of measuring the static stress. His method was to cause a 
rupture in the soil aggregate by the intrusion of a steel wedge, and to 
ascribe the maximum resistance encountered to the static stress due to 
capillary forces. The values obtained varied from zero for dry ignited 
soil to a maximum near to saturation, at every stage increasing with 
increasing water content. These experimental values are shown on a 
diagram ( (i). Fig. 2); on the same diagram is shown a theoretical curve 
consisting of (1) a rapidly falling portion based upon the calculations 
referred to above; and (2) a rising portion curved in harmony with the 
experimental values and terminated by an abrupt fall at saturation. 
This latter portion of the theoretical curve seems to be wholly conjec- 
tural; an attempt is made in the text to justify its final value by two 
assumptions (1) that the static stress at saturation may be equated to 
the pressure deficiency in a liquid filling the soil pores, and (2) that this 
pressure deficiency will be just great enough to draw a bubble of air 
between adjacent particles at the surface. This value is termed by 
Haines the “ entry value.” The first assumption appeared plausible, 
and was accepted by the writer; the second appeared untenable, but 
was not further discussed in view of the probability that the experi- 
mental values would have to be re-interpreted upon an entirely different 
basis. Tt will be shown in the present note that both assumptions must 
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be abandoned. The whole of the theoretical curve was thus either 
definitely erroneous, or conjectural upon an extremely slender basis. 

When the values in the calculable portion of the curve were re- 
calculated, it became evident that they were still in complete disagree- 
ment with Haines’ experimental values, which, it could scarcely be 
doubted, must represent some real property of the soil aggregate 
examined, though possibly not its static stress under capillary forces. 
It is indeed almost impossible to think that this stress could characterise 
any portion of the aggregate in the neighbourhood of a rupture, for it 
is the stress under which the soil particles are in their original positions 
without mutual pressure, and any displacement in their positions must 
somewhat violently affect the film of moisture connecting them. On 
rupture, on the other hand, the particles are displaced so far that the 
connecting film is broken. There is thus little hope of obtaining measure- 
ments of the static stress by the method used by Haines, and the con- 
tradiction between his observations and the value calculated would be 
little to be wondered at, even if his material so far agreed in its properties 
with the theoretical ideal soil. 

There is, however, one quantity intimately involved in the mechanics 
of the ideal soil which conforms in its general behaviour as w r ater content 
is increased to the experimental values of Haines, namely the minimum 
work needed to cause rupture. This circumstance led me to suggest 
“that if these measurements can be equated to any of the mechanical 
properties of an ideal soil, it is work required to rupture the connecting 
moisture rather than the static stress exerted by it, that is the subject 
of measurement” ((2), p. 497). 

On this point and some others, Haines has returned to the subject (3) 
with the claim that “A decision as to other criticisms was left until 
more conclusive experimental evidence was forthcoming. This has now 
been obtained by direct measurement of the pressure deficiency, and 
the results fully confirm the original interpretation of the cohesive 
measurements.” 

The new experiments show that the pressure deficiency falls con- 
tinuously with increasing water content, as must evidently be the case 
for a series of stable states; the change of pressure deficiency is, however, 
slow for water contents of 40-90 per cent, of the pore space, rapidly 
falling to zero as saturation is approached. These observations contain 
nothing to modify our previous conclusions. The value, however, at 
which the pressure deficiency passes its point of inflexion, at which point 
it may be said to be nearly stationary, or decreasing with minimum speed, 
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seems in his new treatment to be identified by Haines with the “entry 
value ” or pressure deficiency at which a bubble of air will be forced to 
pass between adjacent particles. It is not clear on what basis this 
identification is made. The observed point of inflexion occurs long 
before saturation. The experimental values are about 6 Tjr (where T is 
the surface tension, and r the radius of the soil particles), while the 
theoretical entry value of Haines is, by rough but perhaps sufficient 
reasoning, assigned to the value 12-8 Tjr. It is, of course, easy to ascribe 
such discrepancy to the differences which certainly exist between Haines’ 
materials and the ideal soil which is the subject of calculation; the 
experimental particles are not of equal size, they are not, and cannot 
be, arranged in the arrangement postulated for the ideal soil; and, 
further, no evidence is adduced that the angle of contact of liquid with 
soil particle is at, or near to, zero. With these limitations in mind, these 
measurements cannot be taken either to disprove Haines’ theory of a 
limiting pressure deficiency of 12*8, or, on the other hand, as showing 
that equilibrium subsequent to coalescence of the liquid rings is possible 
at higher pressure deficiencies than the value calculated at coalescence, 
which is 4*53; the latter is an interesting possibility on which Haines 
relies a good deal, but of which he gives no satisfactory proof. It may 
be noted that if the entry value is identified, not with the nearly 
stationary value of the ordinate, but with some point on the rapidly 
falling portion of the curves above 90 per cent, water content, the 
numerical discrepancy becomes more pronounced, while the arbitrari- 
ness of the identification is more surprising than ever. The measure- 
ments, which Haines has obtained of pressure deficiency, although 
contributing considerably to the problems chiefly considered in his later 
paper, do not therefore supply any conclusive evidence upon the problem 
of static stress originally attacked. 

The pressure deficiency only enters into the latter question as a 
basis for justifying the supposed high stress value near to saturation. 
It was assumed by Haines ((i), p. 532) that at saturation the static 
stress must equal the pressure deficiency; that this particular assumption 
is far. from accurate may be proved by means of a general theorem 
applicable to all stages of water content, which would effectively dispose 
of the notion of a static stress rising to a maximum at saturation, even 
if it were admitted that the pressure deficiency were absolutely constant 
up to this point. 

The theorem is as follows. The resultant force on a spherical particle 
of the fluid pressures and surface tensions to which it is exposed is that 
of a uniform pressure of amount j) -f 2 Tjr acting on the dry portions 
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of its surface, where p is the pressure deficiency of the liquid phase, T the 
interfacial tension, and r the radius of the sphere. 

For proof, it is easy to see that the resultant of a pressure deficiency, 
p , over the wet portions of the sphere is equal to the resultant of a 
pressure excess, p , over the dry portions; the effect of the surface tension 
is probably most simply investigated by imagining the surface film to 
be continued by a membrane of uniform tension T passing over the 
dry portions of the sphere; then, such a membrane will evidently exactly 
balance the tensile force of the interface, and will itself be held in equili- 
brium by uniform pressure 2 Tjr over the portion of the sphere which 
it covers. Consequently the resultant of the interfacial forces is equal 
to that of a uniform pressure 2 T/r over the dry areas. 

The static stress may be at once investigated from the resultant 
forces; for these will be zero for particles in the middle of a soil mass, 
but will be inward for particles on the outer layers, so producing a 
static stress throughout the mass, the inward forces being ascribable to 
the excess of dry area upon the outer surfaces of the outmost layer of 
particles. If, therefore, A is the projection of the dry areas on the out- 
most layer upon a unit area of surface, and a the projection of the 
corresponding areas of particles within the mass, the static stress may 
be written as 

(p -f 2 T/r) (A - «). 

One can now see how slender are the opportunities for the stress to 
increase in any portion of the range, and that it cannot increase steadily 
up to a large maximum at saturation. For 2 Tjr is constant for all 
water contents, and p is a quantity which decreases, or in a limiting 
case remains stationary, with increasing water content; the first factor 
therefore never increases but usually decreases. Nor can the dry area 
at the surface be expected to increase with increasing water content, 
and the only chance of the second factor increasing in any part of the 
range is that in such a part a should decrease more rapidly than A. 
The possibilities for this are very limited, for a is much the smaller 
quantity, and we can at all stages assert that the stress is less than 
(p 4- 2 T/r) A , a quantity which cannot increase at any stage. 

If, for close packing, we evaluate A and a at coalescence, we find 

A = i*, A -a= = -5554, a = -1946. 

4 v2 

There is thus no possibility of identifying the stress with the pressure 
deficiency, p , especially at saturation, when the area A must tend to zero. 

In view of the above theorem and its consequences, it will be un- 
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necessary to go into several points in Haines’ last paper which indicate 
that he has misunderstood the criticisms of his original treatment of 
static stress. 

A very simple reason may be given for rejecting the “entry value,” 
not necessarily from the interpretation of Haines’ experiments on 
pressure deficiency, which may be largely influenced by this value, but 
certainly from the series of pressures at which the soil water is in physical 
equilibrium with the surrounding atmosphere. For the process by which, 
according to Haines, air enters or leaves the cells of the soil structure 
involves the dissipation of energy; a film of liquid is supposed to be 
pressed upon by the intruding air until it is ruptured, the air then 
“blows through” the opening so formed; the energy which must be 
dissipated before mechanical equilibrium can be again established gives 
rise to a series of jumps, sufficiently sharp even to have visibly 
affected the manometer in Haines’ experiments ((3), p. 273). It will 
hardly be denied, therefore, that such a rupture involves irreversible 
processes by which energy is dissipated; and it follows that the corre- 
sponding adjustments by reversible changes will take place at a lower 
value of the pressure deficiency. The agency for such reversible changes 
of air content being, of course, furnished by the air dissolved in the soil 
moisture. 

Summary. 

The new observations of Haines on the pressure deficiency of liquid 
in a soil-like aggregate confirm the theoretical deduction that the 
pressure deficiency falls off with increasing water content, but do not 
justify his belief in a high static stress as saturation is approached. 

A theorem is established connecting the static stress at any water 
content with the pressure deficiency and the dry area of the surface. 
This, together with general considerations of the energy conditions of 
physical equilibria, appears to dispose of the two assumptions from which 
the high values for the cohesive stress at saturation have been deduced. 
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V. THE HYSTERESIS EFFECT IN CAPILLARY PROPERTIES, 
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(With Six Text- figures.) 

Introduction. 

In two former papers (i, 2) the writer lias dealt with the capillary proper- 
ties of moist soil from both a theoretical and experimental standpoint. 
The first paper was followed by R. A. Fisher (3) with the presentation of 
certain emendations and criticisms, together with an -elaborate treatment 
of a special part of the ideal case. Some of these criticisms were inci- 
dentally examined in my second paper in the course of a more extended 
treatment supported by fresh experimental results. Fisher returns to 
these points in a recent communication (4), and, among other arguments, 
makes the claim that a new theorem regarding stress must be taken as 
leading to a final rejection of certain of my views. It appears that this 
theorem is an elaboration of my first conception, and, while it gives 
precision where my own statement was crude, it is, nevertheless, in 
essential agreement with those first descriptions. In the present paper 
it is hoped to resolve the differences of opinion by the introduction of a 
fresh consideration which throws former arguments into a better per- 
spective by showing where their basis was incomplete. Briefly, the new 
work has shown that two distinct cases must be considered, one for rising 
moisture and one for falling moisture. Confusion has been introduced 
and unfounded criticisms offered by the tacit assumption that moisture 
changes would form a reversible series, so that arguments applied to the 
features of one case have been used to exclude the possibility of the other. 
The changes in capillary suction which accompany cycles of change in 
moisture are shown in the experimental part of this paper to move round 
hysteresis loops rather than to and fro on a reversible curve. Neither 
theoretical discussions nor experimental studies have hitherto sufficiently 
emphasised this important distinction, and it constitutes a valuable 
standpoint for further work. 
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As an introduction the following simple illustration may be given of the 
essential basis upon which the hysteresis effect rests. Consider a vertical 
capillary tube, having regular variations in its bore (radius r), dipping 
into a liquid by which it is wetted (surface tension T ). In Fig. 1 let the 

sinuous line represent the characteristic of r- — ^ 

this tube, showing for any height above the / 

free water surface the value of 2 Tjr , which q 

is the pressure deficiency shown by a liquid- f\ 

air meniscus in the tube at the given place. Jy 

The straight line OS represents the reduc- ^ 

tion in hydrostatic pressure with height for ^ f 

a liquid column in the tube. The points of .g p 

intersection, R , X and S, where the abscissae /\. 

of the two curves are equal, give the posi- $ J \ 

tions at which a meniscus can be in equi- / J 

librium with the column of liquid beneath / 

it. The position X is unstable however. A ( 

slight displacement of the meniscus above / V 

X causes its pressure deficiency to out- / 

balance the pull of the liquid column, and it Wa ° ter Pmssurt , , Vfictancy 
moves up to position S . Thus an addition of level 
water results in a rise of pressure deficiency. 18 

Similarly a displacement in the opposite direction causes a fall of the 
meniscus to R. Such per saltnm movements have great importance in the 
analogous case of movement of the water boundary in the soil, when the 
moisture content is raised or lowered. R represents the position taken up 
for capillary rise of the column, while S is the position reached by a falling 
or draining column. By raising or lowering the tube the extreme values of 
the two heights will correspond to the extreme values in the fluctuation 
of bore. 


Inasmuch as the pore space of soil has a cellular character, or a variable 
cross section, its capillary properties partake of the nature of those of the 
tube described. Except for limited ranges where reversible conditions 
may hold, the mode of moisture distribution in soil does not give reversible 
conditions but leads to two main values of capillary pull. The case of 
falling moisture tends to be governed by a higher value of pressure 
deficiency as determined by the narrower section of the pores, while 
conditions of wetting or increasing moisture tend to be governed by a 
lower value depending upon the wider sections of the pores. In other 
words, it is found that a granular system, of which soil is typical, will in 
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general offer a greater capillary pull against the extraction of water from 
its pores than it can engender when absorbing water into them. The 
distinction was clearly made in a former paper (2) when comparing capillary 
rise with drainage, but the full implications were not then developed. 

Theoretical. 

The theory of the subject has dealt with an assemblage of uniform 
spheres as the ideal soil. Two regular types of packing have been discussed, 
cubical and hexagonal, of which the latter will suffice for the recapitulated 
considerations which follow. The condition which determines the mode 
of distribution of any given amount of soil moisture is that the curvature 
at all points of the air-water interface shall be the same. This curvature 
is conveniently expressed in terms of the pressure deficiency or suction 
to which it gives rise in the soil moisture, and the natural unit for its 
measurement is the ratio T/r(T = surface tension, r — radius of particles). 
It is assumed that the effects of gravity may be neglected and that the 
angle of contact between liquid surface and solid particle is zero. 

The nomenclature of Versluys(5) will be adopted for the types of 
distribution which arise. The lowest moisture range gives rise to isolated 
discs of water around the points of contact between particles, which is 
called the pendular case. This is the case which has proved amenable to 
full mathematical treatment. Its limit is reached when the discs are 
large enough to come into contact at their edges, which happens for a 
water content corresponding to 24 per cent, saturation of the pore space. 
But over a large part of that range of moisture the pendular form of distri- 
bution is not unique. For all higher moisture values the water must form 
a continuous body. Here two genera 1 types of distribution are distinguish- 
able. In one, the funicular case, the discs of the pendular case become 
joined by fusion at their points of nearest approach, forming a mesh work 
with air still occupying the wider spaces of the pores. In the other, the 
capillary case, the water boundary which is considered encloses a saturated 
region of soil. 

The cellular character of the pore space in the ideal soil has already 
been described in detail (2). It will be sufficient for the present purpose to 
recall that the dimensions are such that a hemispherical meniscus at the 
widest section (cuboidal cell) has a pressure deficiency of 6*9 Tjr while 
one at the narrowest section (channel joining two cells) has the value 12*9 
Tjr . For the pendular case very small discs have a very high pressure 
deficiency which falls as the discs grow in size, reaching the lower limit 
of 4*5 Tjr at the point where they are large enough for coalescence to 

7-2 
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begin. This value is relatively low because of the anticlastic form of the 
water surface in this case. It may be likened to the deeply hollowed rim 
of a motor wheel as it is prepared to take the pneumatic tyre. 

Changes of moisture within the pendular range may be made reversibly 
and with entirely symmetrical distribution through equilibrium with a 
soil atmosphere of changing relative humidity. For the other types of 
distribution with a continuous film, equilibrium is adjusted by direct 
flow of water, and changes are best considered as film movements or 
changes in curvature following direct increments or decrements of water. 
In the case of any soil air becoming trapped the means of attaining 
equilibrium becomes solution of air in the soil water. The distribution is 
not always symmetrical for higher moistures. 

The total surface area of the interface between the soil moisture and 
soil air plainly passes through a maximum somewhere between zero 
moisture and saturation. On one side of this maximum the water surface 
increases with moisture, but on the other side it decreases with rising 
moisture. This leads one at the outset to doubt whether the entire range 
of changes could be conducted as a smooth reversible series of stable 
states. 

It will be best to consider first in more detail the stable film forms 
which can exist, as determined by the geometry of the pore space, before 
proceeding to discuss the manner in which they may be associated for 
any given moisture content. The most simple case is the saturated or 
capillary one represented in Fig. 2 in a purely diagrammatic fashion. At 
(a) the fully saturated case is shown with a plane air-water boundary. 
For a very small water decrement the film is drawn into the surface pores 
of the soil as in (6). These pores have waist-like constrictions and open 
into wider cells beyond. The cells are of two kinds, the larger type cuboidal 
and the other tetrahedral. As the meniscii in the external pores advance 
inwards under the extraction of moisture from the soil, the pressure 
deficiency rises until the narrowest point is reached, when it has a value 
in the neighbourhood of 12 Tjr. This might be called the liminal case of 
saturation. At some pore which is minutely wider than others the 
meniscus next passes the unstable point and expands abruptly into the 
cell beyond ((c) in Fig. 2). The displaced water redistributes itself with a 
slight general fall in the pressure deficiency. The shape of the film in the 
evacuated cell is made up of meniscii, one at each corner (except the one 
of entry), ready to penetrate farther into the soil by a similar leap. These 
meniscii are joined round the cheeks of the enclosing particles by films 
which are really broken-up portions of the pendular discs. This is the 
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funicular type of distribution. For further decrements in moisture the 
process of evacuation extends cell by cell through the soil. During the 
extraction of each quantum of water represented by a cell’s contents 
the pressure deficiency rises gradually by a small amount (for a series 
of reversible changes), and then falls suddenly again (irreversible change). 
By repetitions of this process a large portion of the water is lost at 
a pressure deficiency oscillating slightly about the value at which entry 
first took place (entry value 12 Tjr). The change is a simple movement, 
in quantum jumps, of a boundary between a saturated region of the 
soil and one having a funicular distribution. 




Fig. 2. Fig. 3. 

Consider now a reversal of the direction of moisture change at the stage 
represented by (c) Fig. 2. As the moisture increases and the pressure 
deficiency decreases the water film in each cell sags towards the centre, 
until in one cell (whichever is the smallest) the bubble detaches itself 
from the walls and collapses by evacuating the air through the external 
open pore. The point of instability for this is in the region of (i-9 T/r, the 
pressure deficiency of a bubble in the large type of cell. The entry remains 
“open” up to that point because the pressure would have to fall much 
lower to 4*5 T/r before closure takes place at a waist. The smaller type 
of cell will fill at a higher pressure deficiency, but they are ahvays separated 
from one another by larger cells; hence they will fill in association with 
their larger neighbours in a manner which can be varied according to the 
suppositions made. Thus we see that a reversed movement of the boundary 
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round a saturated region takes place in a manner similar to its comple- 
mentary case, that is by jumps, but at a lower pressure deficiency. Some 
confusion entered my former paper ((2), p. 273) by mistakenly identifying 
this value with the entry value, i.e. by not correctly separating the cases 
of rising and falling moisture. 

A special feature relating to the funicular and pendular types of 
distribution is the existence of alternative positions which the film may 
take up in the waist-like connecting channel between two cells. This 
may be full of water with a meniscus at each end, or it may be open witli 
an air-passage through. The receding film in the falling moisture case 
will open some passages, but leave others closed. Thus a cuboidal cell has 
eight corners, only two of which need to be opened by the transit of the 
water front, one for entry and one for exit. In Fig. 3 a diagrammatical 
presentation of a unit of the funicular case is given. At the limit of the 
pendular stage we have three “wheel-rim” surfaces set together at 120° 
with edges just in contact, forming an open hour-glass channel between 
them. In the full case each disc makes several such contacts with others 
round its periphery. At (b) is shown a diagram of a longitudinal section 
through the waist. As the discs close together by the addition of water a 
sudden closure takes place and the new surface is indicated in broken 
line in both (a) and (b). This closure is approached at a value of pressure 
deficiency in the neighbourhood of 4*5 Tjr. As we have seen, when the 
moisture falls, the passage is only opened again for a pressure deficiency 
equal to the entry value. Thus full merging of the discs takes place for 
rising moisture at 4-5 T/r or lower, while their breaking up for falling 
moisture takes place at 12 T/r, which will give rise to discs of compara- 
tively small size. These therefore are the two limits of pressure deficiency 
between which there exists the alternative of a waist being either open or 
closed, although it will be shown that the case for closed waists has only 
a limited possibility below the value 6*9 T/r. With sufficient waists 
closed to ensure moisture continuity we have the funicular case, within 
which changes are reversible and run approximately parallel to the values 
already given for the pendular case by Fisher (3). 

The above facts are condensed in Fig. 4, which shows the range of 
pressure deficiency for each type of distribution. It is plain from this 
that all the various forms could be in equilibrium together within certain 
limits of pressure deficiency. There is by no means a close association 
between a given moisture content and a certain distribution, nor is the 
distribution usually uniform throughout the soil. The moisture ranges 
have been put in to show how they overlap, although the value 24 per cent. 



William B. Haines 


103 


saturation for the limit of the pendular ease is the only one yet accurately 
determined. The overlapping between the moisture ranges of A and B is 
a genuine alternative distribution, but that between B and C is shown in 
broken line because part of the moisture is distributed in one form and 
part in another according to the amount present. The possibility of a 
partial development of the funicular case at pressure deficiencies less than 
6*9 Tjr is also shown by a broken line. Various cases of distribution can 
be arrived at according to the sequence of changes leading up to them. 
Over the greater part of the moisture range two regions exist side by side, 
one saturated and the other having a low moisture. This is modified when 


JProsHuro Deficiency Range 



Fig. 4. Scheme of various modes of moisture distribution and the ranges they 


a non-uniform soil is being considered. In an irregular medium the pore 
sizes vary, and the changes discussed tend to follow in sequence through 
groups of pores graded according to size. At any stage cells smaller than 
a given size will tend to contain water and cells larger than this to contain 
air. 

One outstanding point remains, namely, to reconcile the value 4-5 Tjr 
at the end of the pendular stage with the subsequent value 0*1) Tjr when 
the funicular stage is giving place to saturation. In my earliest remarks 
(Cl), p. r>31) the view was taken that the end of the pendular stage would 
be an unstable case followed by a rise in suction. It is plain that the 
point is approached at which further addition of water leads to decrease 
in surface area. For first the waists will close and then the cells. The 
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mechanism of the transition is not difficult to follow. At the end of the 
pendular stage the film shape in a unit cell can be imagined as a cuboidal 
(or tetrahedral) bubble rounded at the edges and drawn out at each 
corner to a cone-like extension, where it joins the neighbouring units in 
the hour-glass waists already depicted. These cones supply the outward 
tension which stabilises the natural inward tendency of the bubble to 
collapse. Closure of a waist corresponds to the collapse of the cone, and 
disappearance therefore of the compensating tension. This process will 
ultimately upset the stability of the bubble, which collapses, filling the 
cell with water and starting a region of saturation. To determine how 
many corners could be closed before instability is reached for each kind 
of cell would provide an interesting subsidiary problem. It would also 
illustrate the different ways in which rising moisture could be carried out 
by suitable choice of the order in which the waists are closed. Former 
arguments (2) were complicated unnecessarily by supposing that air would 
be trapped, but the closing of the waists in sequence could be conducted 
so as to avoid this. The important conclusion, which seems to the writer 
unavoidable, is that at some point the pressure deficiency will rise to 
6-9 Tjr for the completion of the range. The system is brought to a certain 
point at a pressure deficiency of 4*5 Tjr (or rather lower) for which as 
many waists have been closed as is compatible with stability. Then the 
next closure of a waist is a trigger action which causes first one cell and 
then the next to close (compare a row of skittles). In this way the 
saturated zone extends, and a new equilibrium is not arrived at until 
enough water has been withdrawn from the other regions of the soil to 
raise the pressure deficiency to f>*9 Tjr. The rise depends upon this general 
redistribution. The new case has a greatly reduced surface area, which 
meets difficulties raised from energy considerations. The readjustment 
gives the normal case for rising moisture over the higher range. Any 
alternative mechanism by which the last stages could be conducted at a 
pressure deficiency as low as 4*5 Tjr would have to depend upon limiting 
the closure at the waists, if this would confine the unstable region to the 
zone in contact with the saturated water front. The point is rather an 
acadeihic one, and only derives importance from the contrast between 
the theoretical approach from the coalescence of pendular discs which 
starts with the waists open, and the practical approach for cycles of 
moisture change which finds most of the waists remain closed. 

Fisher has thrown doubt on this rise in the pressure deficiency above 
4*5 Tjr. Originally his considerations applied to “the series of states of 
the soil-water system in equilibrium with successive values of relative 
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humidity” as affording “a definite basis of comparison over the whole 
range from absolute dryness up to saturation” (( 3 ), p. 495). Such a 
series simply excludes a rise in pressure deficiency (synonymous with a 
fall in relative humidity) by definition, and is not necessarily valid for 
the criticism of a series defined by rising moisture content and passing 
through points of film instability. The relative humidity series passes 
from the unstable point directly to the case of final saturation for its next 
equilibrium position. For such a limited series Fisher's contentions may 
readily be conceded, but it may be remarked that the series gives undue 
prominence to the pendular (calculated) case while omitting cases of much 
more practical importance. 

The points mainly contested by Fisher have concerned the stress or 
cohesion developed in the ideal soil. In my first approach to the subject 

1 had considered the case of a saturated soil mass entirely enveloped by 
an inward 'pressing water film. This led to the assumption that the cohesion 
for this case would equal the pressure deficiency, and a value between 
fi*9 Tjr and 1 2*9 Tjr was assigned to it. Fisher elaborates this conception 
of cohesion as produced by the inward thrust of the external layer of 
particles in the following theorem. If, for any layer of particles, the dry 
areas be divided into two groups, one having an outward aspect relative 
to the soil mass and total projection A per unit area and the other having 
an inward aspect and projection a, then the pressure exerted inwards 
depends upon the excess of A over a and is written 

stress = (p -f 2 Tjr) (A — «), 

where p is the pressure deficiency in the moisture. Applying this formula 
there appears no essential conflict with previous conclusions. For the 
approximate first assumption for t he saturated case we see that the term 

2 Tjr was overlooked, while A was given the value unity; whence stress - 
p since a is zero. In the more exact treatment for the liminal case of 
saturation we have p - 12 Tjr , A 0*75, and a -= 0. This case gives the 
maximum value of the formula, about 10 Tjr , so that my estimate of a 
value lying between fi-9 Tjr and 1 2*9 T jr cannot be regarded as deceptive. 
Nor was it deceptive to associate maximum stress with saturation. It may 
be noted in passing that it was the experimental agreement between the 
values of stress and of pressure deficiency at saturation in a sample of 
silt which led to the reopening of the argument. Both experimental 
arrangements had given the falling moisture case. The indication now is 
that this agreement was closer than was justified by the simple theory. 
The value found was G Tjr for both measurements, and it is seen that the 
two deviations of the rough treatment from the exact one (supposing 
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direct application of the ideal formula to the real case) just happen to 
cancel for such a value. 

Tracing the changes in cohesion as the moisture is decreased it is 
plain that a suddenly assumes positive values at the region of entry, with- 
out much change in A or p, so that cohesion falls. It seems that now there 
are two regions of different stress; that having the funicular type of dis- 
tribution and a stress (p + 2 Tjr) (A — oq) given by the external layer 
of particles, while the saturated region lias an additional (p -f- 2 T/r)a 2 , 
for the layer at the saturated water front. Thus the saturated region 
remains under the maximum stress. When the direction of moisture 
change is reversed the stress will be smaller, but similar conditions will 
hold. As the water front extends and obliterates a by filling the cells, the 
saturated region so formed gains an increased stress. The possibility of 
stress increasing with moisture for the later range seems clearly 
established. 

Fisher comes to entirely contrary conclusions as to the application 
of the above formula, considering that it “effectively disposes of the 
notion of static stress rising to a maximum at saturation.” Such reasoning 
must obviously depend upon the moisture distribution and as this is not 
described the argument lacks in definiteness. Although the formula is so 
well adapted for the exploration of the more important high moisture 
stages, Fisher contents himself with showing that it verifies the value 
already established for the end of the pendular stage. No sufficient 
guidance is given for an estimate of A, p or a over the range in question, 
although a general consideration of their changes is shown to lead to the 
conclusion that, if stress increases with moisture, then a must decrease 
more rapidly than A. Regarding this key condition it is simply stated 
that it has very limited possibilities. It has been shown, however, to be 
possible for the case discussed above. It seems that the changes in mind 
are smooth and reversible ones. If such a series can be theoretically 
established it may conform to Fisher's conclusions. But it must be 
entirely different from the changes here described, and shown in the next 
section to be reproducible experimentally. Since the irreversible series 
fall into line with experimental observations, they must be regarded as 
the ones which are important for consideration in practical problems 
relating to soil. In both his papers it is clear that Fisher, while contri- 
buting much to precision, has been in error in casting doubt upon the 
idea that high stress and high suction can arise for a saturated condition 
in the practical case. 
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Experimental. 

In order to give the whole subject better objective illustration some 
simple experiments will be described in which the cycle of moisture changes 
was investigated under controlled conditions of pressure deficiency. The 
measurements bearing most closely on the ideal case were made by means 
of paraffin oil and phosphorbronze bearing-balls of inch diameter. 
Th ese are large enough to arrange individually in the correct packing, 
but small enough to give measurable capillary effects. Time was not 
available to arrange large numbers for examination in bulk, but measure- 
ments were obtained for the behaviour in single cells in the following 
manner. A lead tube was taken for one arm of a U-tube and the top 
was shaped to take a porous plug of exactly the dimensions to form a 
plane surface on which a basic layer of particles in hexagonal packing 
could be laid. These were held in position by turning the edge of the tube 
slightly in the same manner as in setting a gem. Further layers could 
then be built up. The U-tube was completed with rubber and an adjustable 
second arm. This was then filled with oil, and the behaviour of the oil 
film between the particles examined through a lens while adjustments 
of pressure deficiency were made by raising or lowering the second arm. 
All entries between particles except those in the upper layer could easily 
bo closed by placing sand or glass particles of appropriate size against 
them. This was desirable for studying strictly local changes. Measure- 
ments of head were made with a travelling microscope, while the surface 
tension was checked in all cases by means of the capillary tube method 
and by du Noiiy's apparatus. 

Under saturated conditions and for increasing suction the oil film 
could easily be seen making its abrupt entry into the first layer of cells. 
This value of pressure deficiency was between 11 *3 and .11 *5 Tjr. For 
the return by diminishing values of suction the filling of a cell was equally 
abrupt, and could be demonstrated to take place first in those of tetrahedral 
form. The pressure deficiency value for this return again substantiated 
the theoretical values already discussed. If the receding film for pre- 
paration were dragged far, so that the pendular mode was mainly induced, 
the larger cells filled for the return at the value 1-3 Tjr. This verifies the 
value for the coalescence of the pendular discs and demonstrates the 
subsequent instability in the immediate closing of the cell. The attainment 
of the low value simply depended upon the inability of isolated discs to 
adjust themselves as the pressure deficiency decreased, so that the 
saturated front as it advanced affected only those discs in actual contact 
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with it, the remaining region still having a high prevssure deficiency round 
11. In that case part of the contour of a cell remains unaffected until 
collapse. If, however, a single cell was dealt with, round which the oil 
continuity was such as to allow the whole film to sag naturally as the 
pressure deficiency fell, the collapse was at the value fi-7 T/r. The agree- 
ment with theory is so close that these higher values can never again be 
called in question. 

A series of measurements of greater practical importance was made 
upon the material known as glistening clew. This is a tinsel consisting of 
minute glass spheres of very considerable uniformity, and it may be taken 
as closely simulating the ideal soil in all respects 
except closeness and regularity of packing. Green 
and Ampt(fi) have described it in their own studies 
of soil permeability. The mean particle radius of 
the sample used was 0-01 9 cm. The natural packing, 
which could be altered slightly by the degree of 
shaking, gave a value of pore space between 30 
and 37 per cent, or half-way between the ideal 
cases of close and open packing. The material was 
held in a Buchner funnel over a carefully sealed 
filter paper. This formed the terminal of one arm 
of a U-tube whose other arm wa$ formed by a 
burette with double-bored stopcock (Fig. 5). The 
whole apparatus was filled with liquid and could 
easily be manipulated to apply changing suction 
to the material in small steps by adjusting the 
height in the burette. The resulting increment or 
decrement of moisture at eacli step after equili- 
brium was reached was read off on the scale. 

Reversibility could be tested for each section of the curves so obtained. 
The datum level for pressure was taken at the surface of the glistening 
dew. The whole mass had a depth of 2 cm. (and diameter of 9 cm.) and 
the results are therefore affected by this difference in gravitational head 
between, the top and bottom of the material. 

The irregular packing gives rise to a variable pore size, which is in 
the main wider than that for the ideal case and thus gives lower values 
of pressure deficiency. From the manner in which the water-air interface 
penetrates for falling moisture, it is apparent that the entry will be 
effected Iasi into those places where the closest packing exists, that is, 
to such places as reproduce the ideal case. Therefore the ideal value for 
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entry may be expected to be shown at the end of the funicular stage. 
Conversely, for rising moisture, closure will take place first at the same 
places, and the ideal value will correspond to that point at which closure 
(and the consequent onset of irreversibility) can first be demonstrated. 

A complete series of curves is shown in Fig. G with arrows to indicate 
the direction of the moisture change. Where the curve represents changes 
which are reversible it is drawn in double line. The nature of the experi- 
ment, of course, limits the findings to the case in which film continuity 
exists. The convenient origin for plotting was taken as 100 percent, satura- 
tion and zero pressure deficiency. A glance at the figure shows the marked 
distinction between the falling and rising moisture cases, and the pre- 
dominance of irreversible conditions. It is clear that there is no unique 
association between particular values of pressure and moisture. The 
material can be brought to the state represented by any point within 
the hysteresis loop by suitable cycles or raising and falling moisture. 
Over those stages where the curve is nearly vertical the moisture is not 
uniformly distributed throughout. As in the ideal case, a region of 
low moisture exists in equilibrium with a saturated one, and moisture 
changes go on by encroachment of one region on the other by movements 
of the boundary film. The existence of a gravitational gradient of pressure 
in the glistening dew determines that this boundary movement keeps to 
a horizontal plane. 

Drying conditions usually predominate over wetting whether in the 
laboratory or field, so that the falling moisture curve 0 ABODE is the one 
of main interest. It is the same as that previously obtained by means of 
the manometer and porous pot (2). From 0 to A the pressure deficiency 
rises with only a small moisture movement confined to the rugosities of 
the surface layer. The change has already been depicted in Fig. 2, and is 
accompanied by a change in appearance from shiny to matt. At A 
the entry value for open packing is reached, and the first penetration of 
the film through the surface layer of particles takes place at isolated 
points. These points of penetration are plainly visible. As entry to a cell 
is effected the a dry areas (of the theoretical treatment) are formed inside, 
which greatly increases the internal reflection of the glass particles 
concerned. Entry is therefore accompanied by a sudden scintillation of 
the particles at the particular spot. General errtry does not take place 
until the average value 6-1 is reached, indicated by the sharp bend in the 
curve at B . About 70 per cent* of the water is thereafter lost at this value. 
The portion of the curve from B to C would be quite vertical if corrected 
for the depth of the glistening dew (gravitational head). 
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An interesting indication of the effect of packing was obtained in one 
curve which showed a hump due to lower values of pressure deficiency 
obtaining after entry through the surface layer of particles. This was 
due to the extra close packing of the surface layer resulting from the 
greater freedom of the surface particles to roll about and adjust themselves. 

Along the curve CDE the water loss is being supplied by evacuation 
of cells having smaller entries than the average and also by reduction of 
moisture under the funicular mode or film form. At E the funicular 
stage ends, the abrupt break being clearly indicated in the curve. No 
further water is removed by increases in suction. The value of moisture at 
E is 8 per cent, saturation, while the pressure deficiency should be that of 
the entry value of the ideal case as already indicated. Since the final break 
must occur at the junction between the glistening dew and the filter 
paper on which it rests, the tralue of 1 1*2 T/r on the curve at E requires 
to be corrected for this level. This gives the value KM> to compare with 
the value 12 given in the theoretical section. The suction value at E was 
the same for all repetitions of the curves, although there was some 
slight variation in other regards due to slight differences of packing 
obtained on different occasions. It is seen that the strict pendular case 
is confined under these conditions to the lower third of the moisture 
range which can be assigned to it in the theoretical treatment. 

The curve for the rising moisture case is best followed by reversing 
at 7), just before the break up of the film continuity. For the first part 
the returning curve runs parallel to the ideal curve for the pendular case 
(shown in broken line), since in the main the film forms correspond; 
that is, we have portions of rings joined together by those entries which 
have remained closed by reason of their tightness. This part of the curve 
is reversible. At F the curve bends away from this parallelism owing to 
the beginning of closure at the cells of tightest packing. This is also 
demonstrated by the fact that at F the curve begins to be irreversible. 
The pressure deficiency value at F , corrected for the depth of glistening 
dew, is 6*4, which is very near to the theoretical value for returning 
moisture. General closure for the average sized cell comes later at G for 
a pressure deficiency value of 4-1. It is interesting to notice the more 
angular nature of the change in the curve at B than at G. This is due to 
the more extensive air-water film in one case than in the other; so that 
in one case (6r) cells of any one size throughout the mass have an almost 
equal opportunity to fill with water at their appropriate value of pressure 
deficiency, while in the other case (B) only those along the particular 
bounding water front have opportunity of evacuating water. 
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Saturation is practically complete at H. The unfilled volume of about 
12 per cent, represented by KO is the air trapped in the process of 
closure, which tends to happen for abnormally big cells. 

The experiments were repeated with paraffin oil instead of water, 
and exactly similar curves obtained. In this case the stable values were 
5*9 T\r for falling “moisture” and 3*9 T/r for rising “moisture.” The 
latter value is in perfect agreement with the mean value derived by 
Hackett(7) from measurements of the capillary rise of oil in sands. 

A number of intermediate curves are shown illustrating the effect of 
reversal of the direction of moisture change at various stages. If the 
funicular stage is carried to its limit, the returning curve is via point L. 
Owing to the break up of film continuity and absence of the usual 
mechanism of adjustment, the form of the curve in such a case depends 
very much more than usually on the time allowed for equilibrium to be 
reached. The inside curve at L was obtained for very long periods 
(24 hours) between each reading. 

The curve drawn in dotted line was obtained for a sample of sand with 
rounded grains. The much greater variation of grain size in this case gives 
rise to a finer pore space by adaptation in packing, and hence the suction 
values are higher. But the character of the two curves is unaltered. 

As previously indicated ((2), pp. 275, 284) these curves may be viewed 
as showing the equilibrium distribution of moisture in a sand column 
above a free water table, if the suction values are first transformed into 
the heights which give the same gravity head. The right-hand curve is 
the case for drainage and the left-hand for capillary rise. The distinction 
needs great emphasis, since a great many studies of moisture distribution 
above a water table have been made without taking it into consideration. 
Indeed, it has generally been assumed that there is a single series of 
reversible changes. 

The work spent in removing moisture is jpdv , or the area between 
the curve and the moisture axis. In the case of glistening dew and water 
the curve from 0 to E represented 42 c.c. of water removed, and the 
expenditure of 1*02 x 10 6 ergs. This is of the same order as the surface 
energy of a water film equivalent in area to the particle surface. Both 
quantities reckoned per unit volume of soil vary as the reciprocal of r 
and therefore change in the same way with the texture of the soil. The 
area of any hysteresis loop is the energy wasted irreversibly. 

Since writing the above an important contribution has been made 
to the subject by Hackett and Strettan(8). Their work elucidates the 
transition from close packing to the “common” packing naturally 
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assumed, so forming part of tlic essential bridge by which the theoretical 
case can be applied to real soils. Their treatment applies to the narrower 
pore sections which govern the falling moisture case. Their experiments 
are closely parallel to those reported here. Using steel balls and paraffin 
oil, the entry value found for close packing was the same as my own, 
namely 11-4 Tjr. The manner in which it falls off with the angle of packing 
is very clearly worked out. The value for glistening dew is a good deal 
lower than mine at 4*75 Tjr, but the difference is entirely explicable on 
comparing the two methods of measurement. While my own gives the 
value for the main group among the pore sizes, that of Hackett and 
Strettan gives the value for the largest pores. They cause a “saturated 
water front’’ to descend by drainage through a column of glistening dew 
resting upon wire gauze, and find the value for which it breaks through 
at the bottom. This takes place at the largest aperture available, as the 
authors clearly realise. Since, however, the stated aim is to infer the 
height of capillary rise in soil, the value 4-75 cannot be directly applied, 
and, compared with my direct measurement of rise, it must be regarded 
as a high rather than a low estimate for this. Actually the wire gauze 
itself forms the lowest stratum of apertures, and it would form with the 
bottom layer of particles a series of pores of different shapes to those 
which characterise the mass. Although an error due to such a cause 
would hardly escape the experimenter’s attention, especially as the film 
movements were visible, yet the point is one requiring mention. In my 
own arrangement the boundary was the extreme case of such minute 
pores (of a filter paper) as to form a fixed barrier for the range of values 
being explored. In the other arrangement the supporting gauze must 
go to the opposite extreme and provide free passage through apertures 
larger than those which are required to be measured. 

As regards stress between particles, certain observations can be made 
on the way in which this affects the friction between them. The glistening 
dew undergoes a most noticeable increase in firmness or rigidity while 
the suction is rising to the entry value, that is, between 0 and B in 
Fig. fi — very much greater than any subsequent change. A measurement 
was nCade of the depth of penetration of a loaded inverted cone into the 
glistening dew at different stages. The stress as so indicated was at stage B 
(liminal case) some ten or twelve times that at 0 (full flooding), which 
clearly proves the marked difference which can be produced by a very 
minute moisture change. The fall in stress subsequent to penetration of 
air was just indicated, but was too small to be definitely measured by 
the rough apparatus available. 
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The changes in appearance and in rigidity between 0 and B must be 
familiar to everyone in the behaviour of sea-shore sand under the foot 
when walking near a receding tide. The conditions then exactly reproduce 



= Glistening dew 

= Sand 

= Theoretical, pendular stage, dose and open packing. 

Fig. 6. 

those in the above experiments. The sand is saturated and under a small 
pressure deficiency. The additional property which comes into play is the 
Osborne Reynolds effect, namely, the anomalous dilatation of a closely 
packed granular medium when subjected to an external force. Pressure 
such as is given by the foot causes an expansion in packing and an increase 
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of void volume in the neighbourhood. This produces conditions equivalent 
to a movement along the curve OB in the direction of J3, that is, to an 
increase in suction and in rigidity accompanied by a more matt appearance 
of the surface. If the pressure is maintained, a flow of water takes place 
toward the compressed region until the hydrostatic pressure is equalised. 
The imprint then left on removing the foot glistens (floods) for a moment, 
since the excess of water is released as the former packing is resumed. 
If the surface of the glistening dew be pressed by the finger at a similar 
stage in the above experimental arrangement, the Osborne Reynolds 
effect is demonstrated by a fall in the water level in the burette, showing 
the increase in pore space and in suction. 

The criticisms raised by Fisher (4) can now be seen in their true 
perspective, and the matter may be closed with the following few remarks. 
The calculation of stress or of work for the pendular case in the ideal soil 
I cannot regard as having direct application to my measurements made 
upon silt, since I have stated my disbelief that this distribution was ever 
actually attained ((l), p. 535). The experimental cohesion curve given, 
showing a maximum at saturation and a falling curve thereafter, plainly 
has the values and follows the course to be expected from the descriptions 
of this paper, bearing in mind that in the experiment the material was 
always prepared under drying conditions, so giving the falling moisture 
series. 

Independent evidence of the increase of cohesion with moisture is 
afforded in the recent work of De Witt and Brown (9). These workers 
employed a much more accurate technique for determining the breaking 
strength of moulding sand. In the case where water was the only bond 
they report rising strength with rising moisture, while a rough calculation 
of particle size based upon the screening figures reduces the highest 
strength reported to the value 6 T/r, which was the value obtained by 
the writer. 

Fisher’s reference ((4), p. 410) to my demonstration of the micro- 
oscillations in the pressure deficiency associated with the quantum 
movements entirely confuses their significance. So far from being a 
series' of oscillations after rupture of a film before a new mechanical 
equilibrium is established, they correspond individually to the invasion 
of a cell. My description showed that the rising half of each oscillation 
represents a reversible series of equilibrium values by which the limiting 
value of pressure deficiency is approached. A sudden fall completes the 
oscillation as entry to a cell is effected. The free oscillations consequent 
on this last adjustment are the ones referred to by Fisher, but they are 
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so highly damped as to escape attention in the apparatus which was 
described. 

Fisher also expresses some confusion as to the point on the experi- 
mental curves which was identified with the entry value. The point of 
inflexion mentioned by Fisher, while useful as indicating the entry value 
for the main group of pore size, was not explicitly referred to. By 
definition the entry value was associated with saturation, and a com- 
parison between the real and the ideal curves was relied on to make it 
plain that the usual convention was followed by which a sharp bend in 
an experimental curve is treated as an approximation to the intersection 
of two straight lines. This should not cause surprise by its arbitrariness. 
Other arguments advanced as to angle of contact and looseness of packing 
would, of course, strengthen rather than weaken the evidence already 
afforded that pressure deficiencies at high moistures could exceed 4*5 Tjr. 

Summary. 

A recapitulation of the main features of the moisture distribution in 
an ideal soil is given in order to emphasise a point previously neglected, 
namely, that the changes are not in the main strictly reversible, but fall 
into two series corresponding to the two directions of moisture change. 
The cellular nature of the soil pore space imposes a quantum character 
on the moisture changes over a great part of the higher moisture range. 
The individual cell does not fill or empty by smooth reversible changes 
but shows two unstable stages at which filling or emptying is completed 
at a bound. For falling moisture the suction level is that at which a 
meniscus can invade a cell through one of its narrow entries, which gives 
a value in the neighbourhood of 12 Tjr for close packing. For rising 
moisture the suction level is that for which water returns to the cell by 
the collapse of a bubble in it, giving a lower value in the neighbourhood 
of 6*9 Tjr. A still lower value of 4-5 Tjr can be reached for a particular 
type of distribution confined to the lower moisture range. 

All the above suction values are closely verified by measurements 
made with bronze balls and paraffin oil. A detailed exploration of the 
case for glistening dew and water has been made, which verifies the 
theory while illustrating more nearly the behaviour of an irregular soil. 
The two values which rule the two halves of the “ hysteresis loop” for 
this case of natural or common, packing are 6-0 Tjr for falling moisture 
and 4*0 Tjr for rising. 

The new considerations resolve the differences of opinion raised by 



11 (> Studies in the Physical Properties of Soil 

R. A. Fisher. It appears that the author has throughout supported a 
case which belongs correctly to the falling moisture series. Fisher con- 
sidered a very limited series for the rising moisture case and a hypothetical 
reversible series, and has been in error in so far as his treatment was 
regarded as exclusive. 
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BIOCHEMISTRY OF WATERLOGGED SOILS. 
PART IIP. 

DECOMPOSITION OF CARBOHYDRATES WITH SPECIAL 
REFERENCE TO FORMATION OF ORGANIC ACIDS. 

By V. SUBRAHMANYAN. 

(Rothamsted Experimental Station , Ilarpenden , Herts.) 

(With Eight Text-figures.) 

In the previous communications (25, 20) the more prominent effects of 
waterlogging in absence of foreign materials were described. The present- 
paper deals with a study of the changes that attend addition of nitrates 
and carbohydrates. 


Effect of addition of nitrates. 

Warington's experiment (29) on percolation of nitrates through water- 
logged soil was repeated with a view to determining whether any denitri- 
fication occurred under such conditions. Nitrates, after collection, were 
estimated by the Devarda alloy method (21). It was observed that- in 
absence of plant residues nitrates could be completely recovered by 
repeated percolation, though the high concentration made the soil sticky 
and difficult to work with. 


Table I. 

Nitrates as p.p.m. of nitrogen. 


Exp. No. 

Soil 

Days .. 

0 

1 

3 

5 

7 

I 

Rothamsted 


18*4 

17 4 

20*1 

17 2 

20*0 


Indian 


18*4 

16*9 

15*4 

13*6 

18*8 

11 

Rothamsted 


3fi*7 

35*2 

325 

31*4 

35*1 


Indian 


36*7 

32 7 

26*5 

29 1 

30*4 

III 

Rothamsted 


55*2 

53*9 

50*8 

52*7 

56*9 


Indian ... 


55*2 

49*5 

47*2 

52*6 

47*7 

IV 

Rothamsted 


735 

72*1 

74*8 

72*3 

71 9 


Indian ... 


73*5 

68*4 

72*4 

66*9 

65 5 

V 

Rothamsted 


62*1 

83*8 

78*7 

81*2 

76*1 


Indian 


92*1 

79*5 

79*8 

81*5 

79*0 


Average diminution (I) :- standard error = 1 for 0-1 day —3*5, which is significant. 


In order to determine whether concentration of the nitrate had any 
effect on its subsequent transformation in the waterlogged soil, potassium 
nitrate was added in aqueous solution to 100 gm. lots of the same soils 
as those previously studied, to correspond to different concentrations 

1 Part of thesis accepted by the University of London for the degree of Doctor of Science. 
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and the mixtures were incubated, the Rothamsted soil at 20° C. and the 
Indian soil at 35° C., after being waterlogged. Samples were analysed 
at two-day intervals (Table I). 

Though nitrates suffered a slight loss at the end of the 1st day, yet a 
simultaneous determination of total nitrogen indicated no change, there- 
by proving that no denitrification had occurred. 

Effect of addition of fermentable organic matter. 

A study of the transformation of organic matter is of fundamental 
importance and will throw light on the mode of decomposition of 
(a) straw, leaves, etc. which occur in the soil, (6) green manures and 
different other forms of organic, fertilisers that are generally allowed to 
rot in the puddled soil prior to transplanting of paddy, and (c) various 
mineral transformations resulting in increase of plant food that occurs 
under such conditions. But it is exceedingly difficult to carry out because 
of (a) the complex composition ol soil, (/;) enormous number and variety 
of soil microflora, each member of which carries out its own characteristic 
function, and (c) want of adequate technique to deal either with the 
mixed flora or the different products of their metabolism as obtained 
under waterlogged conditions. 

Among the different methods for studying biological activity in the 
soil the one introduced by Remy(ui) and extended by Lohnis(M) is 
defective because the reactions are allowed to proceed in artificial media 
which do not represent natural soil conditions. The technique of Withers 
and Fraps(30) also introduces abnormal conditions because of the use of 
sterilised soil. The Lipman-Brown(i3) and Russell- Hutchinson (23) methods 
are useful in the study of the release of available plant food, the former 
from added materials and the latter from unavailable forms present in 
the soil. In the present study an attempt was made to combine the 
Russell and Lipman methods with some modifications. Where adequate 
chemical techniques were lacking new ones were introduced. To avoid 
complexity due to indeterminate compositions of the added materials 
the following series of trials were carried out mainly with carbohydrates 
of well-defined composition. 

Effect of added glucose on nitrates. 

Glucose was added in solution to correspond to 600, 1200, 1800, 
2400 and 3000 parts respectively as carbon per million parts of the soils 
which were waterlogged as usual (25). Nitrates *were determined every 
2 days (Table II). 
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It was observed that even at the end of 24 hours the soils developed 
a characteristic odour, and were frothy with carbon dioxide, and acid 
to phenolphthalein even after boiling. At later stages the changes were 
more pronounced. 

Table II. 


Nitrates in the Rothamsted and the Indian soils, at the beginning, were 1G1 and 43-8 
p.p.rn. respectively. 


Glucose 

as 

p.p.m. 

of 

carbon Days . 


Nitrates as p.p.m. of nitrogen. 

Rothamsted soil 

A 

Indian soil 


..T 

3 5 7 

t — 

1 

3 

5 

7 

None 

13-4 

121 108 117 

306 

41*1 

38*6 

407 

600 

00 

2*1 3*5 1*8 

16*4 

4*7 

3*4 

1*8 

1200 

30 


6*8 

2*1 

1*6 


1800 


... 

3*2 





... nil; 2400 and 3000 p.p.m. of carbon — nil throughout. 


In order to observe whether addition of glucose caused corresponding 
losses in total nitrogen a, similar series of determinations were made with 
30 gm. lots of soils. The results, however, showed that the changes were 
at no time significant. It should, therefore, be inferred that the rapid 
disappearance of nitrates was not due to denitrification but to trans- 
formation to other forms of nitrogen. 


Dissolved oxygen. 

In order to determine whether addition of sugar introduced any 
change in the oxygen-contents, trials were carried out under the same 
conditions as in the previous experiments. Since, owing to the constant 
interchange of oxygen between the soil -sediment and the surface water (25), 
an increase or decrease in the one would be correspondingly reflected 
in the other, it was considered sufficient to determine only the amounts 
of oxygen present in surface water. Rideal and Stewart’s modification (22) 

Table III. 

Oxygen at the beginning in both soils =7*3 p.p.m. 


Dissolved oxygen as p.p.m. 


Glucose 

as 

p.p.m. 

of 


Rothamsted soil 

A 



Indian soil 

A 










carbon Days . 

.. 1 

3 

6 

7 

1 

3 

6 

7 

None 

7*9 

8*7 

7*0 

8*4 

6*8 

6*1 

6*2 

6*6 

600 

1*6 

6*3 

6*8 

8*0 

M 

2*4 

5*3 

6*3 

1200 

1-3 

2*8 

3*7. 

4*9 

1-4 

1*2 

02 

2*4 

1800 

10 

M 

2*1 

2*6 

07 

1*0 

1*3 

1*7 

2400 

06 

0*4 

1-3 

1*7 

03 

04 

08 

1*0 

3000 

0-2 

nil 

04 

10 

nil 

02 

06 

0*6 
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of Winkler’s method was adopted with correction for dissolved reducing 
matter. The results (Table HI) showed that the oxygen-contents first 
fell considerably, but soon rose owing to diffusion of oxygen from air. 
The recovery was rapid when the sugar added was small, but slow when 
large. 

Indian soil 



Days 

Fig. 1 . Oxygon absorbing power. 

Soil + 600 p.p.m. of carbon. Soil -f 1200 p.p.m. of carbon. 

• ••••••••• Soil -j- 1800 ,, — • — • — Soil ■+■ 2400 ,, 

— . . — . . — Soil -f 3000 p.p.m. of carbon. 

The 'addition of sugar led evidently to some internal reaction which 
caused rapid depletion of oxygen. At later stages oxygen of the air 
diffused in and restored normal conditions. Since the soils remained 
exposed to air, oxygen in accordance with the gas laws would have 
diffused into them only in proportion to their shortage from the normal. 
“ Oxygen absorbing powers” of the soils thus estimated (Fig. 1) measured 
also, indirectly, the intensity of biological action that was mostly, if 
not entirely, responsible for the depletion of oxygen. 

Carbon dioxide present, dissolved in the surface water, was determined 
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by absorption in baryta and back-titration against standard acid. The 
data (Fig. 2), though not absolute measures of the gas produced, were 
estimates of the concentrations developed at different stages. They are 
positively correlated to the corresponding figures for oxygen absorbing 
power and indicate that oxygen was largely utilised for the biological 
oxidation of the carbohydrate to carbon dioxide. 


Indian soil 



Rothamsted soil 



SoiJ alone. 

„ + 600 p.p.m. of fermentable carbon. 
„ +1200 
„ +1800 


+ 2400 
+ 3000 


The reaction of aqueous extracts of soils to which sugar had been 
added, as determined by Gillespie’s method (8), indicated a slight initial 
change (pH 7*5 to 6*5) to acidity. It returned to normal on standing. 

Tests were carried out with plarified extracts of soils for the presence 
of organic acids. Lactic acid was detected by its reduction of per- 
manganate and chromic acid with evolution of acetaldehyde, and by 
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iodoform, and Fletcher and Hopkins’ (7) tests. Acetic and butyric acids 
were also identified in the liquid by a variety of tests (5). 

B ACTER1AL NUMBERS. 

Bacterial numbers were determined by plating on Thornton’s 
medium (28). It was observed (Fig. 3) that in addition to the great 



Fig. 3. Bacterial numbers. 

Soil alone. — •- — . — . — Soil + 1800 p.p.ni. of carbon. 

„ + 600 p.p.m. of carbon. „ +2400 „ 

» +1200 „ „ +3000 

increase in bacteria, higher concentrations (2400 and 3000 p.p.m.) of the 
sugar brought out enormous numbers of fungi which rendered counting 
difficult. The decrease in numbers noticed after the 3rd day might have 
been due to both shortage of the sugar and to the distinctly visible 
increase in protozoa. 
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Correlation between bacterial and oxygen absorption numbers, though 
positive, was not very close, thereby suggesting that all the bacteria 
did not depend on oxygen. Many of those responding to the higher 
concentrations of the sugar might have been either strict or facultative 
anaerobes. The closer agreement observed between bacterial numbers 
and C0 2 -prod action lent further support to this view. 

Assimilation of nitrates by sotl organisms in 

PRESENCE OF GLUCOSE. 

Soils treated with 600 p.p.m. of the sugar were plated out on Giltay’s 
Agar. After incubation for 7 days at 35° C. the colonies coming out 
on the plates were examined. The organisms common to all of them, 
but morphologically different from each other, were inoculated into 
sterile suspensions of both the soils containing identical amounts of 
sugar and nearly the same quantities of nitrate by the necessary ad- 
ditions and developed as seed cultures. After they had developed for 
24 hours they were transferred into larger quantities of similar soil 
suspensions. The specimens were incubated for 3 days at 35° C. and 
then analysed for their nitrate contents (Table IV). 


Table IV. 


Nitrates as p.p.m. of nitrogen. 


Rothamsted soil 



Indian soil 

A 





r 


— ■ ■ ■ 

Differences 

Designation 





between the 

of the 

Present 


Present 


amounts 

organism 

after 

Amount 

after 

Amount 

used up from 

used 

3 days 

used up 

3 days 

used up 

two soils 

A (R) 

28-4 

42-9 

36 *6 

360 

+ 6*9 

B 

34* 1 

37-2 

41*8 

30-8 

+ 6-4 

C 

37-3 

340 

450 

27*6 

+ 6*4 

D 

67-6 

3*7 

69-2 

3-4 

1+0-3] 

E 

23-3 

48-0 

32*7 

39*9 

+ 8*1 

A (I) 

40-8 

30*5 

51*3 

21*3 

+ 9*2 

B 

22-7 

48*6 

301 

42*5 

+ 6*1 

C 

09-4 

1-9 

68*7 

3*9 

[ - 2*0 ] 

D 

20-9 

50*4 

30-3 

42*3 

+ 8*1 

E 

27-2 

44*1 

35*6 

37*0 

+ 7*1 


Nitrate originally present in R (Rothamsted soil) =71-3 p.p.m. and 
I (Indian soil) = 72*0 p.p.m. 


Most of the samples had then turned cloudy with bacterial growth. 
Some of them had developed characteristic odours. No frothing or gas- 
production was visible. Except in one case the extracts were all acid 
to phenolphthalein even after boiling. 

The results show that (a) nitrate assimilation is common to most soil 
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organisms, (6) where the response of an organism to nitrate is pronounced, 
the effect of the soil substrate is about the same as instanced by the 
nearly constant differences (7*3 ± 1*1) observed between the amounts of 
nitrate assimilated in presence of the two soils, and (c) the study of single 
species of organisms, however prominent, will not be representative: 
further investigation should, therefore, be carried out with the mixed 
microflora of the soils. 

Relation between concentration of nitrate and the rate 
OF its decomposition in presence of glucose. 

100 gm. suspensions of the soils containing 600 p.p.m. of glucose but 
different proportions of nitrate were incubated, the Rothamsted soil at 
20° C. and the Indian soil at 35° C., for 24 hours. They were then analysed 
for their nitrate-contents and the quantities decomposed by the micro- 
flora in each case determined (Table V). 


Table V. 

Nitrates as p.p.m. of nitrogen. 
Rothamsted soil Indian soil 


f 

Originally 

^ 

r 

Originally 

-A ^ 

present 

Decomposed 

presont 

Decomposed 

161 

9-3 

43-8 

26-7 

34-5 

19-4 

62-2 

33-6 

52-8 

32-1 

80-5 

411 

71-3 

49-3 

990 

50-8 

89*6 

65-5 

117-3 

51-4 

108-2 

65- 1 

— 

— 


The rate of decomposition of nitrate increases with concentration 
up to a maximum. It is higher for the Rothamsted soil than for the 
Indian in spite of the lower temperature of incubation and bears evidence 
to the greater biological activity in the former. 

Distribution of carbon and nitrogen in waterlogged soils. 

Simultaneous changes in different forms of nitrogen and carbon were 
studied, using suspensions of soils containing glucose (600 p.p.m.) and 
nitrate (89-6 p.p.m. in the Rothamsted and 99-0 in the Indian specimens 
respectively). The soils were waterlogged and incubated under conditions 
similar to those in the previous series for 48 hours and samples taken 
for analyses every 12 hours. The determinations were not carried out 
over a longer period because it was observed that most of the changes 
took place within 2 days. 
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Residual sugar at different stages was estimated by a modified 
Fehling titration method (27): total C0 2 by absorption in baryta, with 
boiling to drive off that present in the surface water: nitrite by the 
Davisson method (4): nitrate by the Devarda alloy method (24): ammonia 


Indian soil 



O 12 24 36 48 

Hours 


Rothamstod soil 



0 12 24 36 48 

Hours 

Fig. 4. Distribution of nitrogen. 


Nitrogen as nitrates. Nitrogen as nitrites. 

— . — . — . — 9f as ammonia. — • • — * • — „ assimilated by microflora. 

by the McLean and Robinson method (if>) : total nitrogen by the Gunning- 
Hubbard method (i): lactic acid by the Buchner and Meisenheimer 
method (3) after concentrating the neutralised aqueous extract to a small 
volume: and acetic and butyric acids by steam-distilling at constant 
volume (27). 
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Changes in different forms of nitrogen (Fig. 4). 

As was expected nitrates disappeared rapidly: nitrites increased at 
the same time, suggesting that they were formed mainly from them. 

Indian soil 



Rothamstcd soil 



Fig. 5. Distribution of carbon. 

Carbohydrate added. C0 2 produced. 

— . — . — . — Lactic acid formed. Acetic acid formed. 

--- . . — . . — Butyric acid formed. Carbon taken up by micro-organisms. 

Formation of nitrite accords with the observations of Nagaoka(20), 
Kelly (ii) and others. The subsequent decrease in nitrites may have been 
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due to (a) reduction to ammonia, (b) direct assimilation by micro- 
organisms, and (e) denitrification. Since total nitrogen remained unaltered 
throughout the period under observation it should be inferred either that 
there was no loss by denitrification, or that it was too small to be appreci- 
able. There was significant increase in ammonia in both soils which may 
have been due to (a) the action of the deaminising enzyme present in the 
soils ( 2 d), and (b) reduction of nitrates and nitrites by ammonifiers(i7). 

Nitrogen taken up by micro-organisms or otherwise converted into 
more complex forms was taken to be approximately the difference 
between the sums of nitrate, nitrite and ammonia present in the beginning 
and at the end. The figures showed that the major part of the added 
nitrogen was thus converted. Since the diminution in the quantities of 
the nitrates and nitrites present occurred simultaneously with the in- 
creased uptake by the micro-organisms and since no other changes were 
noticeable, it appeared that most of the two soluble forms were thus 
converted. Since nitrogen of cells of micro-organisms is essentially 
protein it seems probable, that most of the transformed nitrogen was 
converted into that form. 

Changes in different forms of carbon (Fig. 5). 

Tn both soils the decomposition of the added sugar was extremely 
rapid. About one-fourth to one-fifth of the total added carbon passed 
into C0 2 . Production of lactic acid accounting for between 25 and 30 per 
cent, of sugar in both soils was an important change, and may have been 
due largely to lactic acid bacteria and, to a limited extent, to certain 
putrefactive and saprophytic organisms like B. coli and B. lactis 
aerogcncs present in soil. Only small quantities of acetic and butyric 
acids were formed during the period under investigation. Their molecular 
proportion was approximately as two of acetic to one of butyric. 
Quantities of the added carbon converted into complex forms by cells 
of micro-organisms or otherwise were taken as represented by differences 
between initial and subsequent amounts present in simpler forms. The 
figures show that such transformations are greater in Eothamsted than 
Indian soil. No definite relationship could be found between carbon and 
nitrogen assimilations. 

General distribution of the decomposed carbon. 

Dividing carbon changes under four heads — (a) total converted, 
(6) passing into gas, (c) taken up by micro-organisms, (d) passing into 
organic acids — it is evident that the last change is not only unique to the 
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waterlogged soil, but also the most prominent, involving nearly half the 
added carbon. The production of acids, particularly lactic, though 
beginning comparatively slowly, soon proceeded at a rapid rate. Even 
at the end of 48 hours there was no indication of the reaction weakening. 


Indian soil 



Rothamsted soil 



Fig. 6. Effect of concentration on decomposition of fermentable carbon. 


600 p.p.m. added carbon. — 

1200 „ 


— 6000 p.p.m. added carbon. 

— 12,000 

2400 p.p.m. added carbon. 


Since, however, it is known that many of the common bacteria and fungi 
can not only assimilate organic acids and their salts but also decompose 
them into simpler compounds (16), the presence of large quantities of 
organic acids would naturally mean that further biological activity 
would follow later on. Acid-production would thus be only an inter- 
mediate stage in a long series of reactions. 
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Decomposition of added carbohydrate at different 

CONCENTRATIONS. 

To specimens of Rotharnsted and Indian soils glucose was added 
from aqueous solution to correspond to 600, 1200, 2400, 6000, and 12,000 
p.p.m. of carbon, and after waterlogging incubated for 10 days at 20° C. 


Lactic, acid 


o 





Butyric acid 



Days 

Fig. 7. Formation of lactic, acetic and butyric acids — Rotharnsted soil. 

2400 p.p.m. fermentable carbon. 

4800 

7200 

9600 

— • • — • • — 12,000 „ 
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and 35° C. respectively. Samples were analysed every 3 days for their 
sugar-contents (27). 

The results (Fig. 6) showed that decomposition of sugar of all con- 
centrations proceeded vigorously up to the end of the 3rd day, after which 
there was general slackening. This was probably due to shortage of 
sugar at lower concentrations and accumulation of acids and other 
products of biological metabolism at higher ones. Total quantities de- 
composed were, proportionately, much less at higher concentrations than 
at lower ones. 


Production of organic actds at different concentrations 

OF ADDED CARBOHYDRATE. 

Soils were treated in the same manner as in the previous trial. Lactic 
acid was estimated by Long’s method (15) and acetic and butyric acids 
by steam-distillation at constant volume (27). Similar types of results were 
obtained for both soils. Those for Rotliamsted soil are plotted in Fig. 7. 

At all concentrations of sugar lactic acid was the first product of 
metabolism and accounted for 30-40 per cent, of the sugar decomposed. 
After the 3rd day, however, lactic acid tended to diminish, being, evidently, 
converted into other forms. 

Acetic and butyric acids were formed slowly but continuously through- 
out the period under observation. There was no relation between their 
quantities and the corresponding amounts of sugar decomposed. Molecular 
proportions of the two acids were approximately as two of acetic to one 
of butyric. There was high positive correlation between decrease in 
lactic and corresponding increase in the', other two acids, suggesting that 
decomposition of the former led, at least partly, to formation of the 
latter. 


Table VI. 


Amounts of acids formed as p.p.m. of carbon. 


Depth of water 

Time 
in days 

Lactic 

Acetic 

Butyric 

Soil just covered 

3 

912 

192 

72 

7 

510 

384 

216 


10 

204 

456 

264 

2" 

3 

1104 

84 

144 


7 

432 

312 

324 


10 

336 

408 

432 

4 " 

3 

1272 

60 

168 


7 

684 

288 

384 


10 

432 

432 

456 
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Relation between depth of water and production 

OF OROANIC ACIDS. 

Specimens of Rothamsted soil containing 6000 p.p.m. of glucose 
were suspended under different depths of water and the acids formed 
at the end of 3, 7 and 10 days estimated (Table VI). 

Greater depths led to larger production of lactic and butyric acids, 
suggesting that their formation did not depend on free supply of air. 
Diminished production of acetic acid under similar conditions suggested 
the reverse. 


Effect of addition of calcium carbonate on 

PRODUCTION OF ACIDS. 

To 30 gm. portions of the soils containing 6000 p.p.m. of glucose, 
2 gm. of calcium carbonate were added before waterlogging. The acids 
formed were estimated at the end of 3, 7 and 10 days (Table VII). 

Table VII. 

Amounts of acids as p.p.m. of carbon. 



Time 

in 

days 

Rothamsted soil 


Indian soil 


Treatment 

Lactic 

Acetic 

Butyric 

Lactic 

Acetic 

^ 

Butyric 

Without CaC0 3 

3 

1164 

100 

95 

1224 

118 

139 


7 

816 

252 

276 

494 

384 

516 


10 

r>r >2 

348 

396 

256 

432 

624 

With CaC0 3 

3 

1536 

118 

121 

1788 

152 

166 

7 

745 

334 

451 

991 

387 

494 


10 

374 

392 

506 

716 

451 

577 


Addition of calcium carbonate led to distinct increase in lactic acid: 
subsequent decomposition of the acid was also rapid, particularly in 
Rothamsted soil. 

The effect of carbonate on the production of the other acids was not 
pronounced. 

Production of organic actds during an extended 
period of observation. 

Specimens of the Rothamsted soil containing 6000 p.p.m. of glucose 
were analysed for their acid-contents at intervals during a period of 
30 days. 

It was observed (Fig. 8) that lactic acid decomposed actively and 
fairly uniformly. Acetic and butyric acids, after increasing till about the 
15th day, decomposed appreciably at later stages. The results support 
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the theory, already suggested, that the acids would, on standing, be 
attacked by micro-organisms and converted into other forms. 



Fig. 8. Changes in organic acids over a long period. 

Lactic acid decomposed. Acetic acid produced. 

— . — . — . — Butyric acid produced. 


Production of lactic acid under aerobic and 

ANAEROBIC CONDITIONS. 

20 gm. lots of Rothamstcd soil were waterlogged with 4000 p.p.m. 
of glucose. In one set the mixture was allowed to stand in shallow, 
glass-covered trays. In the other, after being made up with air-free 
water, it was placed in narrow-necked flasks connected with U-tubes 
containing alkaline pyrogallol. Both sets were maintained at the 
ordinary temperature (20-25° C.). Lactic acid present on successive days 
was estimated (Table VIII). 
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Table VIII. 

Lactic acid formed as p.p.m. of carbon. 

Aerobic Anaerobic 


Time 

Control soil 

With' 

Control soil 

With' 

in clays 

and water alone 

the sugar 

and water alone 

the sugar 

1 

27 

378 

45 

567 

2 

54 

907 

63 

855 

3 

45 

1134 

54 

1071 


Production of lactic acid occurred under both aerobic and anaerobic 
conditions and to about the same extent. 


Formation of lactic acid in absence of living organisms. 

20 gm. lots of Rothamsted soil were weighed out into dishes with 
glass covers and allowed to remain soaked in toluene at the ordinary 
temperature for 48 hours, after which 50 c.c. of distilled water and 20 c.c. 
portions of 1 per cent, solutions of glucose, sucrose and lactose respec- 
tively were added to them. The mixtures were allowed to stand for 3 days. 
Lactic acid in this and the subsequent series was estimated by the 
author’s modification (27) of the chromic acid method (Table IX). 


Time 
in days 

1 

2 

3 


Table IX. 

Lactic acid formed as p.p.m. of carbon. 
Control 

soil alone Glucose Sucrose 

27 108 189 

54 207 243 

54 234 297 


Lactose 

72 

189 

216 


It is probable that part of the lactic acid formed during waterlogging 
was enzymic in origin. The major part, however, was evidently formed 
by the activity of living organisms. 


Mechanism of production of lactic acid. 

Since the acid was formed under both aerobic and anaerobic con- 
ditions, its production did not involve the utilisation of atmospheric 
oxygen. Nor is it probable that any biological reduction of the sugar 
was involved since the acid is a more highly oxygenated product than 
the sugar. The chemical mechanism was probably either hydrolysis or 
direct splitting of the carbohydrate. Though Hoppe-Seyler(io) and later 
Kiliani(i2) showed that lactic acid can b$ formed by the hydrolysis of 
certain carbohydrates, yet the conditions of their experiments bear no 
analogy to the production of the acid in the waterlogged soil. Since it 



644 Biochemistry of Waterlogged Soils . Part III 

was also observed on trial that the acid was not formed by acid-hy- 
drolysis of the sugars even at 100° C. it may be inferred that hydrolysis 
was not the mechanism of its production. Biological production of lactic 
acid was therefore probably one of Assign of the carbohydrate molecule 
which did not bear any relation to the reactions brought about by com- 
mon chemical reagents. Formation of the acid from glucose would then 
be represented in outline by C 6 Hj 2 0 6 — ► 2C 3 H 6 0 3 . The primary change 
involved in its production would therefore appear to be intramolecular 
rearrangement of the sugar. 


Production of acetic and butyric actds from lactic acid. 


In order to test whether any of the fatty acids were formed directly 
from lactic acid, quantities of the latter corresponding to 1200 p.p.m. 
of carbon were added to the Rothamsted soil and waterlogged under 
aerobic and anaerobic conditions. The former was effected by gentle 
bubbling of air through the suspension and the latter by using air-free 
water and connecting the flasks to U -tubes containing alkaline pyro- 
gallol. The fatty acids were identified and estimated at intervals of 
24 hours (Table X). 

The extent of decomposition of lactic acid was about the same under 
aerobic and anaerobic conditions. Under anaerobic conditions the greater 
part of it passed into fatty acids, while only less than half did so under 
the aerobic. 

The quantities of acetic acid produced under aerobic conditions were 
uniformly greater than those produced anaerobically. In the former it 
was formed almost to the entire exclusion of butyric acid and appeared 
to have been mainly due to oxidation of lactic acid which might have 
been through the stages of (1) acetaldehyde or (2) pyruvic acid. Both 
types of reactions might also have taken place simultaneously. 


CH 3 


.CHOH.COOH 



Qualitative analyses made from time to time showed only the 
presence of pyruvic acid, as indicated by the nitroprusside, j8-naphthol 
and phenylhydrazine reactions. Positive reactions for the aldehyde 
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could at no time he obtained. As shown by Maze and Ruot(l8) it is 
probable that certain fungi brought about the oxidation of lactic into 
pyruvic acid. 

Table X. 

Acids as p.p.m. of carbon. 


Time 
in days 


Aerobic 



Anaerobic 


Luetic 

Acetic 

Butyric 

Lactic 

Acetic 

Butyric 

1 

984 

96 

24 

996 

48 

132 

2 

Hlfi 

294 

48 

744 

168 

276 

3 

552 

2 m 

36 

624 

192 

336 


Attempts at reproducing the chemical oxidation of lactic acid at 
concentrations similar to those obtained in the waterlogged soil to 
pyruvic acid by the Aristoff method (a) resulted only in the formation of 
acetaldehyde as the intermediate product. The biological formation of 
pyruvic acid which proceeds under nearly neutral conditions (pH 6-5) 
has evidently a different mechanism. 

Production of the fatty acids seems to proceed along different lines 
under anaerobic conditions. Neither pyruvic acid nor aldehyde could 
be detected at any time. 

The molecular proportion under fully aerobic conditions was as 12 of 
acetic to 1 of butyric and, under anaerobic, approximately as 1:1. 
Since in the waterlogged soil it was 2 : 1 it should be inferred that the 
conditions therein were intermediate between the above two. 

Organisms responsible for the direct assimilation 
of lactic acid. 

To isolate the organisms directly assimilating lactic acid the soils 
were plated out on a medium containing lactic acid (0*2 per cent.), soil 
extract (sp. gr. 1*002), agar (2*0 per cent.) and a few drops of brom- 
cresol-purple indicator. After incubation for 10 days at the ordinary 
temperature the organisms turning the medium purple (i.c. destroying 
the acid and thereby rendering the medium neutral) were examined. 

The plates from the Rothamsted soil contained a large number of 
colonies of a micrococcus which produced the purple within a week. 
There were also rapidly growing colonies of a PemciUium which did not 
produce the colour till the 10th day. Plates from the Indian soil also 
contained the PeniciUium , but the coccoid forms were not to be found. 
On inoculating the two organisms into lactic acid (45 milligrams) diluted 
with soil extract (100 c.c., sp. gr. 1*002) it was observed that the acid was 
rapidly assimilated (Table XI). 
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Table XI. 

Lactic acid assimilated in mg. 

Organism 3 days 7 days 

Micrococcus ... ... 9-7 14*1 

Penicillium 12-0 28-7 

No acetic or butyric acid was formed at the same time. Qualitative 
examination showed that the mucilaginous development of the coccus 
was a carbohydrate resembling glycogen in iodine reaction. 

Production of organic acids from different carbohydrates. 

Specimens of the Rothamsted soil were treated with (1) glycerol, 
(2) xylose, (3) arabinose, (4) laevulose, (5) mannitol, (6) sucrose, (7) 
maltose, (8) lactose, (9) starch, (10) maltodextrin and (11) cellulose 
(cotton-wool), each in quantities corresponding to 6000 p.p.m. of carbon, 
waterlogged at the laboratory temperature (20-25° C.). The acids formed 
at different stages were estimated (Table XII). 

Table XII. 

Organic acids as p.p.m. of carbon. 

Time 


No. 

in days 

Lactic 

Acetic 

Butyric 

1 

3 

67 

35 

82 


7 

112 

58 

61 

2 

3 

314 

46 

76 


7 

88 

118 

62 

3 

3 

1126 

200 

204 


7 

272 

498 

292 

4 

3 

978 

272 

331 


7 

421 

326 

484 

5 

3 

1187 

18 

278 


7 

321 

86 

543 


10 

119 

401 

446 

6 

3 

679 

126 

320 


7 

214 

333 

513 

7 

3 

1688 

540 

291 


7 

796 

762 

161 

8 

3 

892 

306 

112 


7 

264 

416 

268 

9 

3 

382 

102 

101 


7 

204 

128 

62 

10 

3 

436 

115 

251 


7 

196 

85 

234 


Minute quantities of the acids were also formed from cellulose. 
Formation of the acids was generally accompanied by production of 
carbon dioxide. The quantities of acetic and butyric acids did not bear 
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any relation to each other or to decomposed lactic acid. Though the 
same acids were formed in every case their modes of formation 
appeared to vary. 


Summary. 

(1) In absence of decomposing organic matter addition of nitrate led 
to no loss of nitrogen. 

(2) On addition of small quantities of fermentable matter such as 
glucose there was (a) rapid depletion of nitrates and oxygen, but no 
denitrification, and (b) increase in acidity, carbon dioxide and bacteria. 
The greater part of the soluble nitrogen was assimilated by micro- 
organisms or otherwise converted and the greater part of the added 
carbohydrate was transformed into lactic, acetic and butyric acids. 

(3) The organic acids were formed from a variety of carbohydrates. 
Lactic acid was the first to be observed and appeared to be formed 
mainly by direct splitting of the sugar. It decomposed readily, 
forming acetic and butyric acids. Some acetic acid was formed by 
direct oxidation of lactic acid, with pyruvic acid as the intermediate 
product. All the acids were, on standing, converted into other forms 
by micro-organisms. 

The author’s thanks are due to Sir E. J. Russell for the facilities 
offered, and to Mr H. J. Page for his interest in the progress of the work, 
suggestions and criticism. 
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DETERMINATION OF SOLUBLE CARBOHYDRATES, 
LACTIC ACID AND VOLATILE FATTY ACIDS IN 
SOILS AND BIOLOGICAL MEDIA 1 . 

By V. SUBRAHMANYAN. 

( Rothamsted Esperiwenlal Station, IJarpcnden , Herts.) 

(With One Text-figure.) 

In the course of a study of the decomposition of carbohydrates in water- 
logged soils (ft) special techniques for estimating different products were 
adopted owing to the ones then available being neither accurate nor 
directly suited to soil conditions. Since these methods are also applicable 
to the study of a variety of other problems they have been described 
in the present paper. 

Soluble carbohydrates. 

The soil was treated with about five times its weight of distilled water 
saturated with thymol and one-fifth of its weight of alumina cream (0). 
The mixture was shaken vigorously for 5 minutesin a stoppered bottle and 
filtered on the Buchner with liberal washing. The filtrate was concentrated 
to 20-30 c.c. by direct boiling if it contained less than 0*5 gm. sugar, 
and, in vacuo , if more. Humic matter was removed by treatment with 
basic lead acetate (i) and the excess of the latter removed with sodium 
sulphate. 

When the sugar was above 1 per cent, of the soil, the determination 
was made by direct titration against Soxhlet's Fehling solution (i) using 
methylene blue as internal indicator (3). Corrections were made after 
trials, for (a) sugar retained by soil and basic lead acetate and (b) Fehling 
reducing matter of soil. Experiments with representative English and 
Indian soils showed that 97-99 per cent, of added dextrose was recovered 
and that the reducing matter corresponded to 02-06 c.c. Fehling 
solution for every 50 gm. of soil. The errors were constant when identical 
quantities of soil and clarifying agent were used. 

For smaller amounts of sugar, the extract was concentrated to 30- 
40 c.c., mixed with 50 c.c. of double-strength Fehling solution, and made 
up to 100 c.c. in a standard flask. Aliquot parts of the mixture were 
titrated against standard sugar solution. The total amount of sugar 
originally present in soil was calculated as in back- titration methods, 

1 Part of thesis accepted by tbo University of London lor tbe decree of Doctor of 
Science. 
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after applying the corrections mentioned already. Table I compares data 
thus obtained for solutions of pure dextrose with those by direct titration. 

Table I. 


Direct titration 


Back titration 


Vol. of dextrose 

Vol. required 
for 10 c.c. 

Weight of 

No. of c.c. 
standard sugar 
required for the 
titration of 

Weight of 

solution (approx. 

standard 

dextrose as mg. 

10 c.c. Fehling’s 

dextrose as mg. 

1 0 o ) taken 

Fehling’s 

per 100 c.c. 

sugar mixture 

per UK) c.c. 

50 c.c. 

10-2 e.c. 

490-2 

— 

— 

40 

12-8 

3900 

2*1 

389-3 

30 

10-8 

292-0* 

4-1 

293-2 

20 

25 (i 

194-8* 

0-2 

192-3 

15 

34-7 

145-1* 

7-2 

144-2 


* From Lane and Fynon’s tables. The standard error of difference between the two 
methods = ±0-411 per cent. 


Trials carried out by adding known quantities of dextrose to a 
Kothamsted soil and determining them by back titration, showed that 
the method was quite accurate (Table II). 


Table TI. 

[Volumes were made up to 100 e.c. in each case. Reducing matter from 50 gm. of 
soil— 0-0 e.c. of standard sugar solution.] 

Standard error of recovery = ±0-70 per cent. 



Vol. of 

Vol. of 


Vol. of 1 % 

the Fehling’s 

the standard 


dextrose 

sugar mixture 

0-5 % dextrose 


added to 

taken for 

solution 

Recovery of 

50 gm. soil 

final titration 

required 

added sugar 

30 c.c. 

10 c.c. 

4-2 c.c. 

97-1 % 

10 

20 

10-3 

90-0 

5 

25 

22-9 

90-4 

3 

50 

47-7 

98-1 


Disacch a r ides . 



Approximately 1 per cent, solutions (100 c.e.) of disaccharides were 
added to a Rotliamsted soil (50 gm.) and determined by the direct- 
titration method (Table III). Sucrose was inverted by acid hydrolysis 
prior to titration. 

Table III. 


Sugar 

Maltose 

Lactose 

Sucrose 


Control. Vol. of 
the standard 
sugar solution 
required for 
100 e.c. Fehling’s 
13-4 e.c. 

12-8 

9-7 


Vol. of 

extract required 
to reduce 
10 c.c. Fehling’s 
13-9 e.c. 

130 

9-9 


Vol. of sugar 
solution equivalent 
to reducing 
matter from 
50 gm. soil 
0*9 c.c. 

0-8 

0-5 


Percentage 
recovery of 
added sugar 


96- 3 
980 

97- 7 
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Similar trials were carried out by the back-titration method using 
smaller quantities (5 c.e. to 50 gm. of soil) of the same sugars. The accuracy 
obtained was 97 ± 0-7 per cent. 

Measuring microbial activity. 

To test the applicability of the back-titration technique, specimens 
of soils from J, Barn Field, Plot 0, Kothamsted; 11, Central Farm, 
Coimbatore; HI,Karjat, Bombay, and IV, Punjab, were each treated with 
1 per cent, of their weights of dextrose and the decomposition of the 
sugar at 20° C. and 15 per cent, moisture studied at intervals. The data 
obtained indicate the microbiological activities in the soils at different 
stages. 


Table IV. 

♦Sugar present as percentages 


Boil 

no. 

8 hours 

24 hours 

48 hours 

i 72 hours 

i 

84 

49*6 

1 1*7 

1*4 

11 

1)6*1 

76*7 

41)*6 

20*4 

III 

1)8*5 

86*1) 

65*0 

56*5 

IV 

92-7 

62*3 

44*2 

10*1 


Lactic acid. 

This was determined by a modification of Paessler's method (4), since 
preliminary trials with minute quantities of lactic acid, such as were 
formed in the water-logged soil, showed (Table V) that complete oxidat ion 
of lactic acid to acetic acid did not take place because of the escape of 
appreciable quantities of the intermediate product, acetaldehyde, into 
air by bumping during refluxing. 

Table V. 

Lactic acid taken =0*03636 gm. 5 c.c. of 1005 Nj[() dichromate -1-2 c.c. 1 : 1 sulphuric 
acid was used for oxidation. Volume made up to 250 c.c. after refluxing. 


Vol. of 1 036 A750 

solution required for 25 c.c. Lactic acid 
Water added of final mixture found 

None 18*70 c.c. 0*0247 gm. 

50 c.c. 16*1)5 0*0321) 

100 17*25 0*0315 

150 17*85 0*0287 


Experiments carried out at lower temperatures in small glass-covered 
dishes showed (Fig. 1 ) that at 35° C. the oxidation of lactic acid to acetic 
acid proceeded to completion in about 48 hours without any special 
attention being required. At a lower temperature the reaction was 
slow whilst at higher ones there was appreciable loss of aldehyde by 
volatilisation. 



Standard dichromate reduced (cc. of 1*015 N/50 soln.) 
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To test the applicability of the method, 20 gm. lots of a soil from 
Kaliganj, Bengal, were treated with glucose in quantities increasing up 
to 0*2 gm. and the same amount of lactic acid as used in the previous 
trial. After vigorous shaking with water and filtration, the extracts 
were rendered slightly alkaline, concentrated by boiling to about 20 c.c., 
treated with cupric hydroxide (7) and the filtrate, after treatment with 



Fig. 1. Quantities of dichromate reacting with lactic acid at different intervals. 

dichromate and acid, incubated at 35° C, for two days. Unused dichro- 
mate was titrated against thiosulphate iodiiftetrically. 

The figures obtained were identical with those for 35° C. in Fig. 1 
showing that (a) lactic acid was completely leached out from the soil 
with water, (b) cupric hydroxide removed all the reducing sugars, and 
(c) dichromate oxidation at 35° C. provided an easy and accurate method 
for determining lactic acid. 
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These were estimated by a modification of Dyer’s method (2) of steam- 
distillation at constant volume. To test the applicability of the method 
to such low concentrations as were obtained in the water-logged soils, 
distillations were carried out with dilute solutions of acetic and butyric 
acids and the constants for different fractions calculated (Tables VI 


and VU). 








Table VI. Distilling constants of acetic acid . 


Vol. of 

1st 

2nd 

3rd 

4th 

5th 

0th 

acid taken 

100 c.c. 

100 c.c. 

100 c.c. 

100 c.c. 

100 c.c. 

100 c.c. 

5 c.c. 

30-6 

30-3 

30- 1 

28-5 

26*5 

22-2 

10 

30* 0 

30*5 

30*3 

29*9 

27-9 

26-2 

is 

310 

30-5 

30-4 

301 

29-6 

28-5 

25 

30-7 

30-6 

30*5 

30-3 

301 

29-7 

Means with 

) 






standard 

[ 30-8 10-2 

30-5 ±01 

303 ±0-2 

29-7 ±0-7 

28-5 ±1-4 

207 ±2-9 

errors 

) 







Table VII. Distilling constants of butgric acid. 



Vol. of 

1st 

2nd 

3rd 

4th 



acid taken 

100 c.c. 

100 c.c. 

100 c.c. 

100 c.c. 



5 c.c. 

700 

69- 1 

66-7 

— 



10 

09-7 

69-4 

68-3 

63*2 



15 

70- 1 

69*7 

68-2 

64*3 



25 

69-8 

09*7 

69*6 

007 



Means with ] 







standard [■ 

09-9 ±0-2 

69-5 ±035 

68-2 ±0-3 

64*7 ±1*5 



errors ) 






The fractions distilling over became 

unreliable 

beyond the third 


100 c.c. Average distilling constants at the lower concentrations for the 
first two 100 c.c. were 30-0 ± 0*2 and 09-7 ± 0*3 for acetic and butyric 


acids respectively. 

Titration figures for mixtures of acetic and butyric acids (Table VIII) 
agreed with the distilling constants only for the first two 100 c.c. portions. 

Table VIII. 

Alkali (1 042 A 7 /50) required 


Vol. of 
acetic 

Vol. of 
butyric 

1st 100 c.c. 

2nd 100 c.c. 

3rd 100 

c.c. 

( 


( 



Found 

acid 

acid 

Calculated 

Found 

Calculated 

Found 

Calculated 

taken 

taken 

c.c. 

c.e. 

c.c. 

c.c. 

c.c. 

c.c. 

5 c.c. 

25 c.c. 

125 0 

124-8 

42-7 

42-2 

103 

14*7 

10 

15 

92*3 

92-6 

37*7 

37-8 

181 

17*3 

15 

10 

82-2 

930 

39-5 

38-8 

220 

211 

25 

5 

84-5 

84-6 

49*8 

49*3 

31-9 

31-4 

Deviations from ) 
those expected j 

±0-5% ' 

±1-2 

o/ 

/o 

±5*8 

o/ 

/o 


Table IX shows that the presence of minute quantities of lactic and 
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sulphuric acids did not appreciably aflect the rates of distillation of 
the fatty acids: 

Table IX. 

Mixtures containing 10 e.o. each of approximately 1 per cent, solutions of acetic and 
butyric acids were taken. The expected titration figures for the 1st and 2nd 100 c.c. were 
09-8 and 30*9 c.c. respectively of 1*042 A’/50 alkali. 

Alkali (1-042 N/ 50) required. 


Vol. of 



Vol. of 



O f) () u lactic 

1st 

2nd 

1 : 8 H 2 S0 4 

1st 

2nd 

acid added 

100 c.c. 

100 c.c. 

added 

100 c.c. 

100 c.c. 

5 c.c. 

70- 1 c.c. 

31-1 c.c. 

0-5 c.c. 

69-8 c.c. 

30-8 c.c. 

10 

70-0 

30-4 

1-0 

70-2 

30-9 

15 

69-7 

30-7 

20 

70-3 

310 

25 

70-2 

31-0 

3-0 

70-5 

31-3 

Deviations j 






from figures V 
expected j 

±0*4 % 

±0-9 % 

— 

A 0*7 % 

±0-6 % 


E'jcf r action and d< icrniinalion . 


To 25 gm. lots of six specimens of soils acetic and butyric acids were 
added. After being treated with about 200 c.c. of distilled water, the 
suspensions were shaken and filtered with liberal washing. The filtrate 
after neutralisation was concentrated to about 100 c.c., just acidified 
with 1 : 8 H 2 S0 4 and steam distilled. After titrating the fractions the 
actual amounts of acids extracted were calculated thus : Let x represent 
the amount of acetic acid and y that of butyric acid present in the 
extracts, expressed in terms of the alkali required for neutralisation. 
Let d 1 and r/ 2 be the distilling constants for acetic and butyric, acids 
and q and / 2 the titration figures for the first and the second 100 c.c. 
lots respectively. Then 


d, 

100 


*2 

100 


(1), 


/Z^lOO - 
10(J 2 


'/,) . <1 

t y 


2(100 -d 2 ) 
100 2 


- u 


•( 2 ), 


give the values in Table X. 

Table X. 

Acetic and butyric acids actually added equalled 81-0 and 64-6 c.c. respectively of 
1 042 A/50 alkali: r/ A and d 2 were taken to be 300 and 69-7 respectively. 

* Alkali (1-042 N/50) required for neutralisation 



Acetic 


Butyric 



acid 


acid 



recovered 

Error 

recovered 

Error 

Name of soil 

c.c. 

o/ 

/O 

c.c. 

o/ 

/o 

Central Farm, Coimbatore — garden soil 

82-5 

+ 1-9 

63-8 

- 1-2 

Kotham steel. Barn Field — dunged plot 

80-3 

-0-9 

64-6 

0-0 

Anakapalli, Madras — paddy 

82-3 

+ 1-6 

64-4 

+ 0-3 

Yessgaon, Bombay ... 

79-6 

-1-7 

65-3 

4- 1-1 

Punjab — wheat 

80-7 

-0-4 

64-7 

4-0-2 

Mandalay, Etnina — paddy ... 

... 80-5 

-0-6 

65-4 

+ 1-2 

Probable error of a single determination 

±0-9 % 

±0 6 % 
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It has to be inferred that (a) the extraction by leaching was quanti- 
tative and (b) the technique adopted led to accurate determination of 
the acids. 

Effect of mass of soil and time of standing. 

Further trials (Table XI) showed that the results were not affected 
by variations in the amount of soil or the time of standing in contact 
with sterile soil. 

Table XT. 

Paddy soil from Anakapalli, Madras, was used. Acetic and butyric acids added equalled 
73-6 and 107-4 c.c. of 1*042 A T /50 alkali respectively. 


Acids recovered in terms of 1*042 N/fiO alkali. 

Time of 
standing 


Weight 

Acetic 

Butyric 

with 25 

Acetic 

Butyric 

of soil 

acid 

acid 

gm. of soil 

acid 

acid 

15 gm. 

73 2 c.c. 

108*0 c.c. 

4 hours 

72*8 c.c. 

106-8 c.c 

50 

74-0 

107*2 

8 

73*8 

106-2 

75 

73-8 

107*0 

24 

72*6 

106*6 

1(H) 

Probable error) 

74-2 

106*8 

— 

— 

— 

of a single V 

determination) 

10*4 % 

T0-3 % 


*0-7 % 

+0-G % 


Distilling constants for propionic and isobutyric acids at low con- 
centrations were found to be 52*5 j_ 0*2 and 79*0 ± 0*3 respectively. 

Soils are but complex biological media and the foregoing methods 
which were applicable to a variety of soils can, with greater facility, be 
extended to study changes in other types of biological media as well. 

Summary. 

Methods for extraction, concentration and determination of minute 
quantities of soluble carbohydrates, lactic acid and volatile fatty acids 
have been described. Different factors affecting the accuracy of the 
determinations have been studied and corrections, where necessary, have 
been suggested. 

The author’s thanks are due to Mr H. J. Page for his encouragement 
and suggestive criticism. 
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The Life- Cycle of the Nodule Organism, Bacillus Radicicola 
(Beij.), in Soil and its Relation to the Infection of the Host 
Plant . 

By H. G. Thornton, B.A., and N. Gangulee. Ph.D. 

(Communicated by Sir John Russell, F.R.S. — Received January 7, 1926.) 

A. Introduction. 

The existence of changes in the form of BaciUus radicicola has been known 
since Beijerinck (2) first isolated it in 1888 from leguminous plant nodules. 
He observed the motile “ 8 warmer ” stage as well as the branching forms, whose 
nature was already the subject of controversy. About the same time the 
development of straight-rod forms of the organism was described by Prazmowski 
(14). Numerous writers have since observed the existence of the organism 
in the three conditions of straight rods, branching rods and cocci (for references, 
see Lohnis, 1921 (10)). In 1916 Lohnis and Smith (11) claimed that the 
various forms constituted a definite life-cycle through which the organism 
normally passes, and this cycle, as seen in cultures, was carefully described 
in 1919 by Bewley and Hutchinson (3). In a vigorous young culture, the 
predominating form of the organism is a short, evenly staining rod (fig. 1). 
These rods soon undergo a change in internal structure, the staining material 
becoming segregated into bands crossing the cell. During this banded stage 
the cells frequently become swollen, distorted, and branched, the so-called 
“ bacteroids ” (Brunchorst (4) ), but this irregularity of form is not an essential 
part of the life-cycle, but would appear to be a response to conditions of the 
environment (Buchanan, 1909) (5). The banded cells give rise to the cocci 
by further condensation of the bands. 

The origin of the cocci within the mother-cell was described and illustrated 
in 1891 by Morck (12), who was the first to appreciate the relation of the internal 
structure of the cell to the life-history of the organism. The cocci are usually 
released in a non-motile condition, and afterwards develop flagella, becoming 
actively motile, the “ swarmers ” of Beijerinck (2). Under certain conditions, 
however, the cocci develop flagella while still enclosed within the mother-cell. 
This condition has been described by Greig-Smith (8) and the observation 
confirmed by one of the present authors (7). The cocci eventually become 
elongated and thus pass into the unbanded rod stage. The flagella, which are 
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developed on the cocci, persist after this elongation, but are soon lost : the 
rods then become non-mo tile. The development of motility in & culture is 
thus intimately associated with the appearance of the coccus stage. 



THE LIFE CYCLE OF BACILLUS RADICICOLA 

Fia. 1. 

In 1922 Wallin (15) observed the existence of various stages of the organism 
within the tissues of the nodule. The object of the present work was to dis- 
cover whether the nodule organism undergoes a similar cycle of changes in 
soil, and, if so, whether the incidence of the motile coccus stage is associated 
with a migration of the bacteria through the soil. 

B. Technique. 

(1) Method of studying the hife-Cyde in Soil . 

The nodule organism that infects lucerne (Medicago saliva L.) was used 
throughout the work. The strain was originally supplied by the Statens 
Planteavls Laboratorium, Lyngby, Copenhagen, and its ability to produce 
nodules was frequently tested. The cultures were grown on an agar medium 
containing mineral salts, saccharose, and extract of lucerne roots, and were 
incubated at 25° C. for 10 days before use. 

Petri dishes, 6 inches in diameter, containing 200 grs. of a mixture of 
Rothamsted soil (34 per cent.) and sand (66 per cent.) were sterilised at 
15 pounds pressure for 30 minutes, and the water content was made up to 
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17 to 18 per cent, on an air-dry basis. An agar slope culture was filled to the 
top of the slope with sterile inoculating fluid, the bacterial growth scraped off 
with a sterile platinum loop and, when the sediment had settled, 1 c.c. of the 
suspension was removed in a sterile pipette and evenly distributed over the 
petri dish of soil. The soil was then thoroughly mixed with a sterile spatula 
and incubated at 25° C. 

On each occasion of sampling three cores were removed from different parts 
of the petri dish by means of a sterile cork borer. These were well mixed in 
a watch-glass containing 1 c.c. of sterile distilled water, the sample was tritu- 
rated with a small sterile rubber pestle and, after standing for 10 minutes, two 
loopfuls of the surface fluid were spread over a clean slide and the film dried 
at 45° C. in an oven. 

In staining the films a modification of Winogradsky’s method (16) was used. 
The dried film was fixed with absolute alcohol and flooded with phenol-ery- 
throsine (1 gram of erythrosine dissolved in 100 c.c. of 5 per cent, phenol), which 
was allowed to act for 10 minutes. After washing in tap water the film was 
re-stained with 2*5 per cent, aqueous erythrosine for another 10 minutes. 
Duplicate preparations were made from each sample, and, from these, the 
percentages of unbanded rods, banded rods, and cocci were determined for 
each slide by counting the numbers of each stage in five random microscope 
fields. 


(2) Test of Accuracy of the Sampling and Microtechnique. 

Table L* — Showing the Observed and Expected Numbers of Bacterial Forms. 


Samples. 

' 

Total 
number 
of cells 
counted. 

Number 
of cocci. 

Number of unbanded 
rods. 

Number of banded 
rods. 

Observed. 

Expected. 

Observed. 

Expected, j 

Observed. 

Expected. 

A 

277 

13 

13-66 

257 

255-36 

7 

7-98 

B 

337 

mm 

16* 61 

308 

310-67 

11 


G 

290 


14-30 

267 

267-34 

7 

8*36 

D 

171 

Kfl 

8-43 

159 

157-64 

6 

4-93 

Mean percentage 


! 4-93 




2-88 

— 

Percentage standard error 

0-66 

KSai 


| 

0-51 



♦ The authors are indebted to Mr. R. A. Fisher for his advice, and, in particular, for 
making a statistical test of the data given in Table I. 
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The accuracy of the sampling and microtechnique was tested in four 
simultaneous samples, taken during the course of experiment 1. From the 
counts thence obtained the mean percentage of each cell-type was calculated 
for the whole set of samples. The expected numbers of each type in the 
individual samples were then obtained by taking the mean percentage of the 
total cells counted in that sample. Table I shows the expected numbers with 
the actual numbers observed. The variation between individual samples is 
not greater than necessarily follows from the random distribution of organisms 
in the soil. 


C. Life of the Organism in Sterile Soil. 

Experiment 1. 

In the preliminary study of the organism growing in sterile soil, a suspension 
in distilled water was used to inoculate the soil as described above. Samples 
of soil were examined immediately after inoculation, and, thereafter, at hourly 
intervals for 27 hours and then at daily intervals for six days. 



Fia. 2 . — Bacillus radicicola . Life-cycle changes in Bterile soil. 
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(1) The Life-Cycle Changes . 

In any sample examined, all the three principal cell-types occur, but their pro- 
portions vary at different times. The study of the life-cycle is therefore a 
quantitative problem, it being necessary to follow the changes in the relative 
numbers of these stages. The changing percentages of each cell-type during 
the first 27 hours is illustrated in fig. 2. Within this period the population 
passed through two complete cycles of changes, each commencing with an 
increase in the proportion of unbanded rods and followed by a rise in the 
proportion of cocci and banded rods. In both cycles the maximum percentage 
of cocci is reached as soon as, or before, that of the banded rods from which 
they arise. This feature is also seen in later experiments (figs. 3, 4, 5, 6, 7), 
and may be due to a change in the relative rates at which cocci are formed 
and at which they are released from the rods. The regularity of the changes 
here observed was shown in a second soil culture set up in a similar manner, 
from which samples were examined every two hours for 14 hours. The per- 
centages of each cell-type found in this culture are plotted in fig. 3, together with 
the percentages found at equivalent times in experiment 1. 



Fio. 3. — Life-oycle changes found in two experiments. 

(2) Multiplication. 

Bacillus radicicola multiplies in two ways, by binary fission of the rod stage 
and by multiple fission, the banded rods breaking up into cocci. Plate counts 
made during the course of the experiment indicate that the latter method is 
the more important, for during periods of maxima of the unbanded rods the 
numbers show no increase, but increases occur on both occasions when the 
cocci reach their maxima. 
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(3) Motility. 

To study the relation between the life-cycle and the occurrence of motile 
forms in the soil, a drop of soil suspension was examined in a fresh state at each 
time of sampling and the presence of motile forms was noted. The vertical 
broken lines in fig. 2 show the times when motile cells were observed. Motile 
forms were not evident within the first 12 hours, perhaps owing to the small 
total number of cells in the culture. The greatest number of motile cells was 
found in the samples taken at 5 a.m., when the cocci had reached their second 
maximum, and at 6 a.m., when the relative numbers of cocci were falling off 
and being replaced by unbanded rods. This is in accordance with the fact 
observed in liquid cultures, that flagella are developed on the cocci and persist 
for some time after these lengthen to form the unbanded rods. 

( 4 ) Later Course of the Life-Cycle. 

The subsequent history of the soil culture was followed in experiment 1 
by taking samples at daily intervals for six days, and the percentages of each 
cell- type during this period are shown in fig. 4, where also the earlier history of 
the culture, already described, is summarised by plotting points selected at 
six-hourly intervals. In the first 24 hours the cocci never exceed 25 per cent, 
of the population, but a big increase subsequently occurs, so that by the third 
day about 70 per cent, of the cells are in this stage. 

The chief features of the life-cycle during the first six days were confirmed 
by a separate experiment carried out under conditions similar to experiment 1, 
during which samples were examined at daily intervals. In fig. 4 the results of 
the two experiments are plotted together. The fact that the changes in relative 
numbers of each cell type, both at hourly intervals during the first 12 hours 
(fig. 3) and at daily intervals during six days (fig. 4), are so closely reproduced 
in entirely separate experiments shows that a regular cycle occurs in the Boil, 
the principal features of which are constant in a given environment. It was 
important to determine whether this cycle was inherent and unalterable, or 
whether it could be modified by changes in the environment. 

D. Influence of the Inoculating Fluid in modifying the LiFe-Cycle. 

Bewley and Hutchinson (3) observed that in cultures of B. radicicola a 
plentiful supply of calcium phosphate in the medium stimulated the appearance 
of the motile coccus stage. To see whether the nature of the suspending fluid 
used in inoculating soil influenced the life-cycle in the soil, experiments were 
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Fig. 4. — Later course of the Life-cycle of Bacillus radicicola in soil inoculated with 
a suspension in water. (Two experiments.) 

conducted in a manner similar to experiment 1, save that the following fluids 
were used to make the inoculating suspension : — 

A. Milk. 

B. 0*1 per cent, solution of di-acid calcium phosphate (CaH 4 (P0 4 ) 2 + 4H 2 0) 

in water. 

C. 0’1 per cent, solution of di-acid calcium phosphate in milk. 

Samples of the soil cultures were examined at daily intervals for six days. 

The changing percentages of cocci, banded and unbanded rods, are shown in 
figs. 5, 6 and 7, which should be compared with experiment 1 (fig. 4), where the 
inoculum was suspended in distilled water. In all these experiments a high 
percentage of unhanded rods at the twenty-fourth hour gives place to a rise, 
first in the proportion of cocci, and secondly in that of banded rods. The 
nature of the inoculating fluid, however, strikingly affects the time and degree 
of coccus formation (fig. 8). 

With distilled water as the inoculating fluid, the percentage of cocci increases 
but slowly for 48 hours and reaches a maximum at the third day, then falling 









436 


H. G. Thornton and N. Gangulee. 

off. The addition of calcium phosphate bo the inoculating fluid, whether this 
be milk or water, causes a rapid preponderance of cocci, which, within 48 hours, 
form about 70 per cent, of the population. The use of a milk inoculum lengthens 
the time during which the cocci predominate. 

Since a rise in the percentage of cocci coincides with the appearance of motile 
forms in the soil, the different inoculating fluids, which modify the time of 
coccus predominance, should also influence the time of appearance of the 
motile cells in the culture. To determine how soon motile forms appeared 
when the bacterial suspensions in the various fluids used above were inoculated 
into soil, suspensions of a 10-days’ old agar culture of Bacillus radicicola were 
made in these fluids. These suspensions were used to inoculate test-tubes 
containing 25 grams of sterile soil and sand mixture. Hourly examinations 
were made, fresh preparations being searched for motile organisms. The 
times when motile forms were first observed are recorded in Table II. 

Table II. — Hour of Appearance of Motile Forms (from the Time of Inoculation). 

Inoculum. 


Tap water Between 18th-20th hour. 

Skim milk Between 15th-18th hour. 

0*1 per cent, calcium phosphate in water Between 18th-20th hour. 

Skim milk -j- 0 - 1 per cent, calcium phosphate Between 10th-12th hour. 


Cultures added to the soil in suspensions, "either in water or in a solution of 
phosphate in water, take the same time to produce motile forms in the soil. A 
milk suspension, however, produces motile forms earlier, and the addition of 
the phosphate to the milk greatly shortens the time of their appearance as 
compared with milk alone. 

E. Spread of the Bacteria through Sterile Soil. 

If the bacteria move actively through the soil, the nature of the inoculating 
fluid, which alters the time of appearance of the motile coccus stage, should 
similarly affect the time of commencement of spread from the point of 
inoculation. 

Previous workers differ as to the importance of active motility in influencing 
the spread of Bacillus radicicola through soil. Ball (1909) (1) found that, in 
suitably moist soil, the bacteria diffused at a rate of 1 inch in 48 hours. He 
concluded that movement was largely due to soil- water currents aided by 
multiplication and motility of the organism. Kellerman and Faucett (9) 
found that in saturated soil, at 25° C., the bacteria mo ml at a rate of 1 inch 
in 48 hours. In barely moist soil, or at 10° C., this rate was reduced to about 
1 inch in 72 hours. They assumed, however, that the movement was due to 
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the multiplication of the bacteria. Frazier and Fred (1922) (6), however, 
concluded as a result of pot and field experiments, that soy-bean nodule bacteria 
spread very slowly, if at all, unless passively carried by water currents. 

In the present work, the spread from the centre of petri dishes of soil was 
studied as described in the footnote.* The bacteria spread evenly in each 
direction (fig. 9). Their migration was, therefore, little affected by inequalities 
of soil conditions in the petri dish. 



Fig. 9. — Radial spread of Bacillus radicicola from the centre of a petri dish of soil. The 
straight lines show the distances reached in each direction in the number of hours 
indicated. 

* Petri dishes 8$ in. in diameter were filled each with 400 grams of the soil and sand 
mixture as used in experiment 1, and the moisture content brought up to 18 per cent. The 
lid of the petri dish was lined with filter paper to prevent condensation water from dripping 
off the lid on to the soil. The petri dishes were sterilised in the autoclave. A oork-borerful 
of soil-sand mixture was removed from the centre of each petri dish, and the space thus 
left was filled with air-dry soil and sand, previously sterilised. Upon this was placed one 
drop of bacterial suspension made up in the inoculating fluid to be tested. The small 
column of air-dry soil-sand mixture absorbed the drop and prevented a local accumulation 
of moisture, which might have led to water currents carrying the bacteria outward. The 
dishes were incubated at 22° C., and, at intervals, samples were taken with a sterile cork 
borer every £ in. along three radii. From each sample preparations were made, following 
the technique used for the life-cycle studies, and a loopful of each sample was streaked 
upon a slope of lucerne root-extract agar. The presence or absence of the organism at 
given distances from the centre along three different radii was then determined by 
examination of stained preparations, and the observation confirmed by the presence or 
absence of growth on agar slopes. There was a close agreement between the results of 
these two methods. 
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Fig. 10 shows the results of a number of trials in which bacterial suspensions 
in water alone, in milk alone, and in milk + 0*1 per cent. CaH 2 (P 0 4 )2 + 
2H 2 0 were used to inoculate the centre of the dish. The trials were made 
in duplicate, using water and milk suspensions, and in triplicate, using milk 
and phosphate, the curve on the left of the figure representing two trials, the 
results of which were identical. The nature of the inoculating fluid greatly 
influenced the time at which spreading commenced. 
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Fig. 10. — Influence of the inoculating fluid on the spread of Bacillus radiciccla 

through soil. 

In fig. 11 the influence of the three inoculating fluids on the spreading is 
compared with their influence on the percentage of cocci found in soil at the 
same intervals of time during the life-cycle studies. The inoculating fluid 
similarly affects the time of coccus formation and the time at which spreading 
commences, suggesting that the motile cocci actively migrate through the soil. 
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Fig. 11.— Influence of the inoculating fluid on the spread of Bacillus radicicola and 
on the percentage of cocci formed in soil. 
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In this experiment, the organisms, in the course of spreading, must soon have 
removed themselves from the direct influence of the inoculating fluid, since the 
inoculum was added only to the centre of the dish. A more rapid spread, 
however, by distributing the population through a larger volume of soil, 
would tend to increase the available food supply and might thus exert a 
comparatively remote influence on the multiplication of the organisms. By 
the use of the technique described in the footnote,* the effect of the inoculating 
fluid on bacterial numbers was studied. 

Fig. 12 shows the distribution of bacterial numbers in troughs of soil and 
sand mixture inoculated at one end with a bacterial suspension in water. 
After 24 hours the organisms are concentrated near the point of inoculation, 
the soil beyond the second inch being sterile. By the fourth day little 
increase in total bacterial numbers is found, but the bacteria are now dis- 


300 - 



Fia. 12. — Numbers of Bacillus radicicola in soil at varying distances from the point 
of inoculation. Inoculum suspended in water. 

* 1500 grams of soil-sand mixture were placed in a “ Pyrex ” glass trough 3 in. deep, 
measuring 10 in. by 4} in. at the top, and having a floor measuring 8 in. by 3 in. The 
moisture content of the mixture was made up to 18 to 19 per cent. A cork-borerful of soil 
was removed from the end of the trough and replaced by small beads. Care was taken to 
pack the beads closely so that they were in contact with the surrounding soil. A ridged 
zinc cover, having a hole at each end of the ridge, and with the sides projecting downwards 
1 in. all round, was made to fit over the glass trough. The holes and the space between the 
projecting metal sides and the glass trough were paoked with ootton-wool, and the apparatus 
was Bterilised at 15 lb. pressure for half an hour. 

The bacterial suspensions were prepared with the three inoculating fluids — (1) water 
alone, (2) skim milk alone, and (3) skim milk + 0*5 per cent, di-acid calcium phosphate. 
The glass beads were just moistened with the suspension to be tested, and the trough 
then incubated at 22° C. 

For each inoculating fluid three troughs were used, and bacteria] counts were made at 
intervals of one, four and six days, one trough being opened on each occasion. Duplicate 
samples were taken 1 in. away from, the point of inooulation, and at intervals of 1 in* up 
to the eighth inch, and plate oounts of the bacteria were made from each sample. A close 
agreement between the duplicate samples was always found. 
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tributed as far as the fifth inch. By the sixth day the organisms have 
reached the sixth inch, and a considerable increase in numbers has taken 
place. As compared with the numbers after four days, there has been an 
increase of about four-fold at the third, fourth and fifth inches, but at the 
second inch the numbers are less than doubled, while at the first inch there 
has been an actual decrease in numbers. This distribution of numbers 
indicates that the organisms are better able to multiply in the recently 
infected soil than near the point of inoculation, where their previous growth 
has rendered the soil a less favourable medium. Actual migration of motile 
forms may be a contributory cause. 

Fig. 13 shows the distribution of numbers in troughs inoculated with a 
suspension in milk. Here, again, a multiplication near the point of inoculation 
occurs in the first 24 hours, and subsequently spreading occurs, the bacteria 
reaching the fifth inch on the fourth day and the sixth inch on the sixth day. 



Fig. 13. — Numbers of Bacillus radicicola in soil at varying distances from the point 
of inoculation. Inoculum suspended in milk. 

The milk, however, produces a great effect in stimulating multiplication as 
compared with the water inoculum. This stimulation is, however, confined to 
the region neighbouring the point of inoculation, the numbers found beyond 
the second inch on the sixth day being no higher than was the case with the 
water inoculum. 

Fig. 14 shows the distribution of numbers in troughs inoculated with a 
suspension in milk + 0 *5 per cent. CaH 2 + (P0 4 ) 2 2H*0. The addition of the 
phosphate causes a marked increase in multiplication, and also in spreading, 
the bacteria reaching the farther end of the trough within four days. There is 
a considerable fall in numbers at the first and second inch on the fourth and sixth 
days, and this is perhaps due to the high numbers in that region after 24 hours. 
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The addition of the phosphate, however, produces a very great increase in 
numbers from the third to the fifth inch. By the sixth day the region of highest 
numbers has moved forward to the fourth inch, where the numbers are more 
than three times as great as with the milk inoculum without pnosphate. In con- 
sidering what is the cause of this increase, the small amount of phosphate added 
to the trough must be recognised. About 0*25 c.c. of the bacterial suspension 
in milk + calcium phosphate was used to inoculate the end of each trough. 
The 1*25 mgs. of phosphate contained in this can scarcely have exerted an 
appreciable direct action on the number of organisms four and five inches from 
the point of inoculation. The curves, however, show that the bacteria increase 
most rapidly in the newly infected soil, so that the known effect of the phosphate 



Fig. 14 . — Numbers of Bacillus radicicola in soil at varying distances from the point 
of inoculation. Inoculum suspended in milk -f calcium phosphate. 


in hastening migration of the bacteria through the soil supplies an explanation 
of its remote influence on the multiplication. The invasion of fresh soil by 
motile individuals is followed by a wave of high bacterial numbers, due to 
multiplication of the bacteria in the freshly invaded soil. The action of the 
phosphate in stimulating the spreading consequently results in an extension of 
the wave of high numbers to a greater distance from the inoculation point in a 
given time. The addition of calcium phosphate to the milk used as inoculating 
fluid thus produces a two-fold effect on the subsequent distribution of the bacteria 
in the surrounding soil .’ — first, it enlarges the volume of soil infected in a 
given time, and, secondly, it increases the number of organisms within that 
volume. In the practice of seed inoculation, both these factors should increase 
the chances of root-infection, and consequently favour the formation of nodules. 
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F. Influence of the Inoculating Fluid on Nodule Formation. 

A series of pot experiments were made to see whether the addition of calcium 
phosphate to the inoculating fluid would increase the formation of nodules. 

Pot Experiment 1. 

Thirty cylindrical glazed earthenware pots, 6J inches in diameter and 
15 inches deep, were each filled with 22*5 lb. of sieved garden soil, to 
which 30 per cent, sand had been added. The moisture content of this 
mixture was made up to about 20 per cent, before filling the pots. The soil 
used was one in which lucerne nodule bacteria were present in small numbers, 
and in order to test the additional effect of the inoculation in such soil, neither 
soil nor seed were sterilised before use. Thick suspensions of the bacteria were 
made in skim milk alone, and in skim milk to which 0 • 1 per cent, di-acid cal- 
cium phosphate had been added. Uniform weights of seed were wetted with 
equal volumes of each suspension and the seed sown at the rate of 1 gram per 
pot. Ten parallel pots with each type of inoculation were set up and ten pots 
were sown with uninoculated seed. All pots received equal watering and the 
plants were thinned out in successive stages, so that at the sixteenth week, five 
plants per pot remained. Nodule counts were made after 4, 5, 6, and lfl weeks. 
For this purpose the roots were washed with a fine jet of water from a hose. In 
counting the nodules, the roots were floated in a shallow dish and examined 
with a lens against a black surface. Dry weights of crop were also taken. 
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The distribution of nodules on individual plants at the fourth, fifth, and 
sixteenth weeks is shown in the form of frequency curves in figs. 15 , 16 , and 17 . 
The effect of the phosphate is increasingly evident with the age of the plant! 
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but it is undoubtedly significant even at the fourth week. There has also been 
an effect on the weight of the plants, as is seen in Table IV. 


Table IV. — Showing the Yield of Lucerne at the Sixteenth Week. 


Treatment. 

Mean 
number of 
nodules. 

Mean dry weight. 

Nodules per 
gram of roots. 

Tops. 

Boots. 

Uninocul&ted 

47-3 

906 

12*67 

3*8 

Milk inoculum 

05-2 

10-72 

13*66 

4*7 

Milk 0 * 1 per cent, calcium 





phosphate inoculum .... 

116-2 

12-71 

14*42 

8*07 


Pot Experiment II. 

In this experiment the soil and sand mixture Was steamed for eight hours, 
and sterilised skim milk was used in making up the inoculating suspensions, 
but the seed was not sterilised. An additional series of pots was set up, sown 
with seed inoculated with a suspension of bacteria in 0 • 1 per cent, solution of 
di-acid calcium phosphate in distilled water. Eight parallel pots of each treat- 
ment and six pots of uninoculated seed were sown, each pot receiving 2 grams 
of seed and the seedlings being thinned out as before. Nodules were counted 
on the second, third, fourth, fifth and sixteenth weeks, and the results are 
shown in Table V. 


Table V. — Showing the Mean Number of Nodules per Plant. 


Age of 
plant. 

No. of 
plants. 

Uninoculated. 

0 - 1 per cent, 
phosphate 
inoculum. 

Milk 

inoculum. 

Milk and 0- 1 
per cent, 
phosphate 
inoculum. 

2nd week 

60 

2-04 

3-00 

3-38 

3-28 

3rd week 1 

50 

242 

3-20 

3*70 

3-67 

4th week 

50 

1-90 

3-86 

3*78 

4*18 

7th week . 4 . 

20 

10*65 

19-6 

15*45 

15-9 

16th week .... 

10 

43*8 

56-2 

59*0 

113-1 


The addition of phosphate to the milk has again caused a big increase on 
nodule numbers by the sixteenth week (see fig. 18), though there is no 
significant effect before this. 
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The plants were harvested and dry weights taken at the sixteenth week, but 
five pots of each treated series and three of the uninoculated were left after 
cutting the crop, and the second growth after 30 weeks was cut and weighed. 
The effect of the milk phosphate on the growth is more marked at the 
thirtieth week than after 16 weeks (Table VI). 



Table VI. — Pot Culture Trial of Lucerne Inoculation. 


Treatment. 

Result after 16 weeks. 

Result after 30 weeks. 

Mean No. 
of nodules. 

Dry weight 
of tops. 

Dry weight 
of tops. 

i 

Dry weight 
of roots. 

Uninoeul&ted 

43*8 

12*6 

9*2 

11*5 

Inoc. milk suspension 

59*0 

121 

9*8 

12*1 

Inoc. suspension in aqueous 





salt calc. phos. 0 • 1 per cent. 

66-2 

13*9 

9*9 

12*8 

Inoc. suspension in milk 0*1 





per cent. calc, phos 

113*1 

14*4 

12*6 

15*5 


Pot Experiment 111 . 

In this experiment, 25 pots were used, each containing 22-5 lb. of soil-sand 
mixture. 
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The series was divided into the following sets : — 

Set I. Inoculated with bacterial suspension in skim milk alone. 

II. „ „ „ „ >. ». +0-1 per cent. 

CaH 4 (P0 4 ) 2 + 2HjO 

„ III. „ „ „ ,, in tap water+0 • 1 CaH 4 (P0 4 ) g 

2H s O 

„ IV. „ „ „ „ in tap water alone. 

„ V. Uninoculated. 

Frequency of Nodules per plant 



° ** ~ KcfteuUs™ ,W2 ” 

Fig. 19. 


The pots and soil were sterilised by steaming and each pot received 1 gram 
of seed, which, in the inoculated sets, was wetted with a counted suspension of 
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bacteria at the rate of 13,600 bacteria per seed. The pots were watered at 
intervals with boiled water. Fig. 19 shows the numbers of nodules which 
developed after five weeks. 

This experiment confirms the effect of adding di-acid calcium phosphate to 
milk in increasing nodule development. The addition of the phosphate, how- 
ever, has in no way improved tap water as an inoculating fluid. 


G. Discussion. 

The pot trials above described show the increased nodule formation from 
seed inoculated with a bacterial suspension in milk + di-acid calcium phosphate 
over that inoculated with a suspension in milk alone. The dose of phosphate 
that produces this effect is minute. Approximately 0-2 c.c. of the bacterial 
suspension was used to wet 1 gram of seed, and this volume contained 0*1 
per cent, of calcium phosphate. The amount of calcium phosphate added to 
each pot containing about 20 lb. of soil was therefore about 0*2 mg. in pot 
experiments I and III and 0*4 mg. in experiment II. So small a dose can 
scarcely have had any direct influence on the plant growth. It has been shown, 
however, that doses of this order or magnitude, by affecting the production of 
motile forms of the bacteria, do influence their migration through the soil 
and exert a remote influence on the bacterial numbers. The increased nodule 
formation can therefore be attributed to the wider distribution of the bacteria 
and to their greater numbers at a distance from the seed. 

If this explanation is correct, the added calcium phosphate should show its 
effect in increasing the nodule numbers towards the extremities of the roots 
rather than near the seed. In order to test this point the following experiment 
was carried out : — 32 glazed earthenware pots were filled with soil and sand 
mixture. Half of them were sown with lucerne seed inoculated with a bacterial 
suspension in milk + 0*1 per cent. CaH 4 (P0 4 ) 8 + 2H a O and half with seed in- 
oculated with a suspension in milk alone. A standardised inoculum was used, so 
that each seed received approximately 4,500 bacteria. 0*25 gram of seed 
was sown per pot and the plants thinned out as seemed necessary. At intervals 
during the growth period duplicate pots of each type were removed, the roots 
washed and separate counts of the nodules in the top 4 inches of the root and 
below that depth were made. The development of nodules in the surface 
region and in the deep region is shown in fig. 20. 

The addition of calcium phosphate produces no increase in nodules in the 
top four inches of the root, near the point of inoculation. There is consequently 
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no effect from the phosphate until the sixth week, when the root system begins 
to develop below this depth. From this time onwards the phosphate produces 
an increase in nodule numbers, which, however, is entirely confined to the distal 
region of the root system. The effect of the phosphate consequently becomes 
more marked as the plant grows older and the lower roots develop.* 



Fig. 20.— Influence of the inoculating fluid on the number of nodules produced near 
the surface and in the deeper parts of the root system. 

This increasing effect of the phosphate with the age of the plant is also seen 
in pot experiments I and II (fig. 21). 

* The authors are gratefully indebted to Mr. P. H. H. Gray for his assistance in making 
counts of the nodules in this and in the other pot experiments. 
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While the effects produced by phosphate are thus in accordance with the above 
explanation, they also show that the spread of the organisms in the soil of the 
pots cannot proceed and continue at the rate recorded in the laboratory experi- 
ments. The rate of radial migration in petri dishes was found to be of the order 
of one inch in 24 hours, while in the glass-trough experiments the wave of high 
bacterial numbers appears to move along the trough at an approximate rate 
of one inch in 48 hours. While the experimental data on this point are still 
insufficient, they indicate a rate of migration which, if maintained in the pot 
trials, would result in the infection of the whole mass of soil in about 30 days, 
even with the least efficient method of inoculation. Measurements of spreading 
have not, however, been carried out for long enough period to decide to what 



Weeks growth 

Fio. 21. 


extent it is maintained, and the pot experiments suggest either that the 
initial rate of spread is not maintained or else that, under the different soil 
conditions in the pot, it occurs at a sufficiently slow rate to enable the addition 
of phosphate to produce an effective increase in bacterial numbers in the lower 
layers of soil even later than six weeks after sowing. 

The effect of calcium phosphate, as shown in the above experiments, has a 
bearing on the commercial methods of seed inoculation. The idea of inoculating 
seed with pure cultures of the nodule bacteria was first conceived by Nobbe (15) 
in 1896 in collaboration with Hiltner. The method of seed inoculation has since 
been tested extensively with varying success in many parts of the world, and in 
these trials a number of different liquids have been used in making the bacterial 
suspension with which the seed was wetted. In 1902 the use of a suspension 
of the bacteria in skim milk as the inoculum was tried, and this method is now 
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used extensively and with success in Denmark for the inoculation of lucerne 
seed. The addition of di-acid calcium phosphate to the milk is thus a simple 
modification of an already existing practice, and the cost of it should be 
negligible on account of the very small doses required. 


H. Summary. 

1. By means of a modification of Winogradsky’s staining technique the 
changes in morphology of Bacillus radicicola in soil were followed. A regular 
cycle of changes was found, unbanded rods, cocci, and banded rods successively 
predominating in the soil. Increase in the percentage of cocci was associated 
with increased bacterial numbers and with the appearance of motile forms 
(Section C). 

2. By modifying the liquid used to suspend the inoculum added to the soil, 
the time of appearance of cocci in predominance could be altered. In 
particular, inoculation of the soil with a bacterial suspension in milk + 
0*1 per cent. CaH 4 (P0 4 ) 2 + 2H a O hastened the predominance of cocci and 
increased the percentage to which they attained (Section D). 

3. When the centre oi a petri dish of soil and sand is inoculated with a sus- 
pension of the bacteria, the latter commence, after a lag period, to spread radially 
at an approximate rate of one inch in 24 hours. The length of this lag period 
is apparently related to the time taken for cocci to predominate in the soil and 
is similarly effected by the nature of the inoculating fluid. The bacteria 
multiply rapidly in the soil into which they have recently spread, so that the 
nature of the inoculating fluid also exerts a remote influence on bacterial num- 
bers. Thus inoculation of the soil with a bacterial suspension in milk containing 
0*1 per cent. CaH 4 (P0 4 ) 2 + 2H 2 0 results in a greater spreading of the bacteria 
through the soil and in greater multiplication at a distance from the point of 
inoculation than in the case when soil is inoculated with a suspension in milk 
alone (vSection E). 

4. Lucerne plants grown from seed inoculated with a suspension of bacteria 
in milk + 0*1 per cent. CaH 4 (P0 4 ) 2 + 2H 2 0 showed a considerable increase 
in nodule numbers and in yield compared with plants from seed inoculated 
with a suspension in milk alone (Section F). 

5. This effect was confined to the deeper portions of the root and therefore 
increased as the plants became older and roots developed in the deeper soil. 
This suggests that the additional nodule formation is due to the known effect 
of the phosphate in increasing the spreading of the bacteria (Section G). 
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The Role of the Young Lucerne Plant in Determining the 
Infection of the Root hy the Nodule forming Bacteria . 

By H. G. Thornton, Rothamsted Experimental Station (Bacteriology 

Department). 

(Communicated by Sir John Russell, F.R.S. - Received February 11, 11)29.) 

[Plate 31.] 

Observations have been made at Rothamsted over a period of about five 
years upon the development of nodules on young seedlings of lucerne (Medicago 
saliva, L.). Some thousands of seedlings have been examined in various 
experiments and it was found to be the rule that the first appearance of nodules 
coincided with that of the expansion of the first true leaf. When lucerne is 
sown under summer glasshouse conditions, in pots of soil or sand, the seedlings 
are up in from 3 to 5 days, and in 0 to 8 days the first true leaf becomes visible. 
This is at first closed, but in 8 to 12 days from the date of sowing it opens out 

(tig- !)• 

The following experiment illustrates the relationship between the opening 
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of the first leaf and the appearance of nodules. Lucerne seed, inoculated with 
nodule bacteria was sown in 12 pots, each containing about 8 pounds of sand, 
and these were watered with a plant-culture solution free from nitrogen.* 
Five days after sowing the seedlings were up, and in another 4 the first true 
leaf, still closed, could be seen on most of them. The appearance of nodules 
and the opening of the first true leaves is shown in fig. 2, where each point 
represents observations made upon 20 seedlings, 10 from each of duplicate 
pots. The general agreement in the time of appearance of nodules and in the 
opening of the first true leaves is evident. 



Fig. 2. 

The closeness of this agreement can be more clearly appreciated when, 
instead of making such counts from samples of a seedling population, the 
course of development and nodule appearance is followed on the same individual 
plants grown in water culture. For this purpose seedlings were grown in 
test-tribes containing the food solution referred to above. Observations were 
made at intervals on the same 20 seedlings. The appearance of nodules is 

* The plant-culture solution used throughout this work had the following composition 
Water, 1000 c.c. ; KC1, 0-74 grs. ; K 2 HP0 4 , 0-3 grs. ; KH 2 P0 4 , 0-3 grs. ; MgSO« . 7H,0, 
0*5 grs. ; NaCl, 0-5 grs. ; CaSO^, 0*5 grs. ; FoC 1 3 , 0*04 grs, 
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shown in fig. 3, where the age of each seedling is taken from the date of the 
opening of the first true leaf. Only one nodule had appeared on the day before 
this opening, although the roots had been in contact with a suspension of the 
bacteria for 9 days. Four more nodules appeared on plants the same day 
that the leaf opened and 4 8 more the following day. 



The appearance of nodules in another similar set of water cultures is shown 
in fig. 4, where the appearance of lateral roots and of the first leaf still in a 
closed condition are also recorded. In view of the comparisons sometimes 
drawn between nodules and lateral roots -it is interesting to note that the time 
of first appearance of the two do not coincide. The experiment also shows 
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that appearance of the first nodules corresponds with the opening of the first 
leaf and not with its emergence from the growing point. 

In the last set of cultures the roots had been in contact with a suspension of 
nodule bacteria for 10 days before the opening of the first leaves and the 



-8 -6 -4 -2 0 +2 

DAYS BEFORE AND AFTER F.L. OPENED 


Fig. 4. 

appearance of nodules. In seeking an explanation of this lag it seemed necessary 
to discover first whether the organisms fail to enter the root hairs during the 
“ cotyledon stage ” or whether, having entered the plant, they are unable to 
induce the formation of a nodule. Owing to the transparency of the ro 
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cortex, it is possible to see a nodule in the very early stages of its growth. 
When a root hair has been infected the infection strand passes through the 
cortical cells as far as the endodermis and, along its course, the cortical cells 
become more densely protoplasmic and commence to divide (fig. 5). In such 
a very young stage the cells affected are only about 25 in number but their 
increased opacity renders the “ nodule ” clearly visible in the living root. 
The absence ofvisible nodules thus implies that this earliest stage has not even 
been reached. 

It was therefore a question whether the organism enters the root during the 



cotyledon stage or whether it is then normally unable to infect the root hairs. 
To determine this, seedlings were grown aseptically in boiling tubes containing 
a plant-food solution in agar. Twelve seeds, the coats of which had been 
sterilised by immersion in absolute alcohol followed by 0-2 per cent. IIgCl 2 
washed off with sterile water, were sown in each of 4 tubes. When they had 
germinated, a suspension of the nodule organism was introduced and the 
roots were examined at daily intervals, a search being made for infected root 
hairs. Within 4 days of germination most of the plants showed the first leaf 
in a closed state. Four days later the majority had the first leaf open. During 
the 8 days that thus elapsed between inoculation and the opening of the first 
leaf the roots were surrounded by large numbers of organisms, many in a 
motile state, but not a single root hair containing an infection thread was 
seen. The absence of the bacteria other than the nodule organism was shown 
by plating at the end of the experiment. One day after the opening of the 
first leaf on the majority of plants about 2 per cent, of the root hairs contained 
infection threads, which were easily seen owing to their high refractive index.’ 1 ' 

* Previous observations on slightly more advanced seedlings showed 4 per cent, of the 
hairs with infection threads (Thornton (1) ). Pierce (2) however, claims to have obtained 
a much heavier infection on roots placed between layers of filter paper. 

b 2 
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The evidence thus indicates that the bacteria do not normally enter the root 
before the first leaf opens. 

This delay in the infection of the root until the opening of the first leaf may 
be wholly or partially due to some factor in the plant’s physiology or may 
represent a period of development of the nodule organisms outside the plant 
necessary to enable them to reach an infective condition (cf. Thornton and 
Gangulee (3) ). If the delay were solely due to the organisms, the time taken 
for nodules to appear should be independent of the age of the seedlings. The 
following experiment was therefore made to determine how soon after their 
addition to the sand the nodule bacteria can produce nodules on older, as well 
as on the young seedlings. 

Lucerne seed was sown in 10 pots of sand sterilised with steam and watered 
with sterile plant-food solution. The seed coats were sterilised as described 
above and 2 pots (Series A) were left uninoculated to serve as controls against 
contamination. Four pots (Series B) were sown with uninoculated seed and, 
after 3 weeks' growth, when the seedlings had a widely expanded first leaf, 
these pots were inoculated by pouring on a thick suspension from a young 
culture of the nodule organism. Twenty seedlings from this series were 
examined 3, 5, 7 and 9 days after inoculation. The mean number of nodules 
per plant on each occasion is shown in fig. 6. A considerable number of 
nodules had appeared on the fifth day after inoculation. 

That these nodules were produced by the culture added was shown by the 
almost complete absence of nodules on the control plants, examined at the end 
of the trial. On the day on which Series B was inoculated another 4 pots 
(Series C) were sown with seed and similarly inoculated. Seven days later 
the first leaves of the series were showing but had not opened. On the seventh, 
ninth, eleventh and thirteenth days after sowing and inoculation 20 seedlings 
from these pots were examined. The course of nodule appearance is shown in 
fig. 6. The appearance of the nodules was delayed until the true leaves opened 
after 9 days although Series B showed that the culture was capable of pro- 
ducing nodules within 5 days from the date of inoculation. The delayed 
appearance of nodules must therefore be due to the plants. 

The. rule that no nodules appear before the expansion of the true leaves is 
not absolute. When a large number of seedlings are grown together in sand 
culture there is a period during which the first leaf has opened on some plants 
but not on others. At this time nodules appear on the former plants but also 
on a few of the plants whose first leaves have not yet opened. Thus in the pot 
experiment illustrated in fig. 2 the examination made on the fifth day 
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after germination showed the following distribution of nodule-bearing 


plants 

Nodule-bearing plants, with leaf open 5 

„ „ without open leaf 2 

Plants without nodules, with leaf open 3 

„ „ without open leaf 10 


Other examples are shown in the control series shown in Tables I and II. In 
normal cases only a small proportion of such younger plants bear nodules. 
In one pot experiment, however, a wholly abnormal percentage of nodules 
appeared on plants whose first leaf had not yet opened. In this experiment the 
inoculated seed had been sown thickly in sand watered with plant-food solution. 
The seed germinated unevenly, some plants showing open leaves after 9 days, 
while 12 days after sowing only about half the plants had the first leaf open. 
On the twelfth day 20 seedlings with open leaves and 20 with leaves still closed 
were taken at random from 4 pots and examined. The former had a total of 
96 nodules while the latter had 64. 

This experiment was abnormal in that, owing to uneven germination, young 
plants with the first leaf unopen grew for some days mingled with older plants 
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in which the leal had expanded. An experiment was therefore made in which 
this condition was deliberately reproduced. Four pots of sterilised sand, 
watered with sterile plant-food solution, were prepared, and in two of these 
lucerne seed sterilised as above described was sown thinly. Fourteen days 
later the seedlings bore large expanded first leaves. Fresh seed was then sown 
in these pots among the seedlings and at the same time the two remaining pots 
were sown and all four pots inoculated with a suspension of the nodule bacteria. 
After 10 days the later sown seedlings showed the first leaf still closed. Fifty 
of these younger seedlings from each pot were examined with the result shown 
in Table I. 

Table L — Effect of the Presence of Older Seedlings upon the appearance of 
Nodules on Young Seedlings. 


— 

Number of nodules on 50 seedlings 
with the first leaf closed. 

Plot 1. 

Plot 2. 

Mean. 

Only young seedlings present 

0 

5 

5*5 

Young seedlings growing amongst older 

38 

35 

36-5 


The presence of the older plants had induced the formation of a considerable 
number of nodules on the young plants growing amongst them at the stage 
when only occasional nodules would normally have appeared. This influence 
of the older plants upon their surroundings suggests the extrusion of some 
substance from the roots. To investigate this possibility an attempt was 
made to extract the solution from sand cultures in which lucerne seedlings had 
been growing. Pyrex glass troughs, 10 x 5 inches in area and inches deep, 
were filled with sand watered with equal volumes of plant-food solution and 
sown thickly with lucerne seed. When the seedlings were in the cotyledon 
stage the contents of one trough was carefully packed into a glass tube, 2 inches 
in diameter and 3 feet 6 inches long, clamped in a vertical position and fitted at 
the lowpr extremity with a perforated rubber bung and a glass delivery tube. 
The solution was extracted with the pressure of a head of distilled water, about 
1 litre of the solution being thus obtained (Extract A). When the seedlings in 
the second trough had well-expanded first leaves the solution from this culture 
was extracted in a similar manner (Extract B) . The two extracts were sterilised 
in the autoclave. Their action was tested in the following manner. 
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Six pots were filled with sand, sown with lucerne seed and watered with plant- 
food solution. When the seedlings were up 2 pots were inoculated with a sus- 
pension of the nodule bacteria in plant-food solution made up in distilled water, 
2 pots were inoculated with a suspension in plant-food solution made up in 
Extract A and 2 pots with a suspension in a similar solution made with Extract 
B. 15° c.c. of each solution were thus added per pot. Ten days after sowing 
some of the seedlings showed first leaves just open. Twenty plants with the 
leaves open and 20 with them still closed were examined from each pot, with 
the results shown in Table II. 


Table II. — Effect of the Solution Surrounding the Roots. 


Number of nodules upon 20 plants. 


Plants with first 
leaf open. 


Plants with first 
leaf closed. 



j 

Pot 1. 1 Pot 2. 

1 

Mean. 

Pot 1. 

Pot 2. 

Mean. 

Watered with food solution alone .. . 

i 

2f> > :J4 

29-5 

0 

r> 

2-5 

Watered with food solution -\ Ex- ; 
tract A 

20 | 20 | 

j 20 0 

i 

i 0 

7 

i 

| 35 

Watered with food solution - j- Ex- j 
tract B j 

! 

32 34 

33-0 

18 

13 

15-5 


The extracts have produced no effect on the nodule numbers on such plants 
as had tin* leaves already open. The Extract A produced no significant effect 
at all, but Extract B, prepared from sand in which older seedlings were growing, 
caused a marked development of nodules on seedlings whose first leaf had not 
yet opened, increasing their numbers six-fold as compared witli the control 
plants in the same stage. It would thus appear that, w hen the lucerne seedlings 
have attained a stage* of development marked by the opening of the first true 
leaf, some substance is extruded from the roots which stimulates the infection 
of the root hairs by the nodule bacteria. 

In order to observe whether the extracts had any influence upon the growth 
of the nodule organism, the plant-food solution plus 1 *5 per cent, agar was made 
up with distilled water, with Extract A and with Extract Ik A similar set of 
media were made up containing 1 per cent, saccharose. The media were 
sterilised in the autoclave, poured into sterile petri dishes and streaked with a 
2-day old culture of the lucerne nodule organism. After one week s incubation 
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at 25° C. scarcely any growth appeared on the media without saccharose. In 
the presence of saccharose no growth showed on the medium made up with 
distilled water, a slight opaque growth on the medium made up with Extract A 
and a considerable slimy growth on the medium containing Extract B. (See 
Plate 31.) 

The substance formed by the older seedlings thus has an effect upon the 
growth of the nodule bacteria, but this effect would seem not to consist in 
supplying energy material since it showed itself only when sugar was added. 
The extracts did not reduce Fehling’s solution and tests for sucrose and for 
pentoses were also negative. A pot experiment was made in order to see 
whether the presence of an amino acid would induce nodule formation on 
seedlings before the first leaves opened. Inoculated seedlings were given food 
solution alone and food solution containing 0*01 per cent, and 1*0 per cent, 
asparagine. In neither case were the nodule numbers increased by asparagine. 

The manner in which the extract stimulates infection is not at present clear. 
Its effect in increasing the number of bacteria may be of some importance but 
observations of root hairs in plants grown on agar, referred to above, tend to 
show that this cannot be a limiting factor since seedlings in the cotyledon stage 
do not show infected root hairs even in the presence of considerable numbers of 
the bacteria. It is observable that in this case the bacteria exist either as 
individuals or else in loose clumps among the root hairs, whereas the infection 
of a root hair is preceded by the formation of a minute colony of bacteria 
imbedded in slime, showing as a bright refractile spot on the wall of the root 
hair. Such spots are illustrated by Marshall Ward (4). The fact that a slimy 
growth of the bacteria was induced when these were growing on agar containing 
Extract B may therefore be relevant. 

The coincidence in time of nodule appearance with the opening of the first 
leaf raises the question as to whether these two events are causally connected 
or whether they are both the effect of some other physiological change in the 
seedling. To answer this question the course of nodule development was 
followed on seedlings from which the true leaves were removed. Lucerne 
seedlings were grown in test-tubes containing plant-food solution inoculated 
with a suspension of the nodule bacteria. In one series the true leaves were 
cut off as soon as they appeared ; in the second series the cotyledons were cut 
off but the true leaves allowed to develop, and in the third, control series, 
the true leaves and cotyledons were left. The course of nodule development 
is shown in fig. 7. 

On the control plants the appearance of the nodules followed the opening 
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Fig . I. — Lucerne Nodule Bacteria, growing on 
Agar with Nutrient Salts and Saccharose. 


Roy. Sac. Proc., B, vol, 104 , PL 31 . 



Fio. 2.— Lucerne Nodule Bacteria, growing on 
Agar with Nutrient Salts, Saccharose and 
Extract A. 



F 1G . — Lucerne Nodule Bacteria, growing on Agar 
with Nutrient Salts, Saccharose and Extract B. 


( Facing p . -100.) 
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of the true leaves. In the series with the cotyledons out, the opening of the 
true leaves followed a course similar to that shown for the control plants, but 



DAYS AFTER GERMINATION 
Fro. 7. 

the development of nodules was delayed until considerable growth of the 
true leaves had occurred. This indicates that the passage into the root of 
substances from the cotyledons is one of the factors controlling the early 
appearance of nodules. Where the true leaves vrere removed, however, the 
normal course of nodule appearance was not significantly altered. 

The substance affecting nodule formation is therefore not produced in the 
true leaf at the time of its expansion since its action is unaffected by the removal 
of the leaf. It seemed possible that it is formed in the growing point of the top. 
In the hope of testing this possibility, a sand culture experiment was made, in 
which seedlings were grown in three series of duplicate pots, those in the first 
series having the leaves cut before expansion, those in the second series having 
the terminal bud cut out and those in the third control series being untouched. 
Three weeks after sowing the control plants had one expanded leaf and, in 
the majority, a second closed leaf just appearing. Fifteen plants from one 
pot of each series were then washed and their nodules counted. Twenty 
days later a second similar examination was made. There were no significant 
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differences in nodule numbers between any of the series. The removal of 
the terminal bud therefore did not affect the number of nodules formed. 
It was found, however, that in most of the plants two fresh buds were regenerated 
at the bases of the cotyledons, so that this series merely showed that severe 
damage to the shoot meristem does not affect the formation of nodules. The 
results from the lirst series, on the other hand, confirm the previous experiment 
in showing that the appearance of nodules is not checked by removal of the 
first leaf before it opens. It would seem therefore that the opening of this 
leaf coincides with some other change in the physiology of the seedling, resulting 
in the extrusion of the substance which stimulates infection by the nodule 
organism. 

Summary and Abstract . 

1. The appearance of nodules on seedlings of lucerne ( Medicago sativa y L.) 
coincides with the opening of the first true leaf. 

2. There is evidence that before this leaf opens the nodule bacteria do not 
as a rule infect the root hairs. 

3. The delayed infection is due to the plant and not to any delay in the 
development of infective power by the bacteria. 

4. When young inoculated seedlings, whose first leaves are still closed, are 
grown intermingled with older plants, a considerable number of nodules will 
develop on them, although scarcely any are' formed on control seedlings of 
the same age, grown by themselves. 

5. The solution surrounding the roots of seedlings whose first leaves are 
expanded has an influence in stimulating the appearance of nodules on younger 
seedlings, and increases the growth of the nodule organism on agar. The 
solution surrounding the roots of younger seedlings has no such effect. 

6. The active substance inducing nodule appearance when the first leaf 
opens is not formed in this leaf, since the removal of the leaves while still 
closed has no effect on nodule appearance. 
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The Influence of the Host Plant in Inducing Parasitism in Lucerne 
and Clover Nodules . 

By H, G, Thornton, Bacteriology Department, Rothamsted Experimental 

Station. 

(Communicated by Sir John Russell, F.R.S.— Received December 10, 1929.) 

[Plates 7—11.] 

A, — Introduction . 

The relationship of the nodule organism to its host plant has been much 
discussed, some authors regarding it as an instance of true symbiosis, while 
others regard the organism as a parasite to which the host plant offers a certain 
resistance. Failures to obtain inoculation of legumes with strains of nodule, 
bacteria belonging to a different inoculation group may be regarded as examples 
of such resistance. Even where nodules are formed, the fixation of nitrogen 
and the benefit derived by the host plant varies according to the strain of the 
nodule organism concerned (Stevens (1) and Wright (2) ). Some strains, while 
producing nodules, cause no increase in growth or nitrogen content in the host 
plant (3) and (1). It is uncertain whether the resistance of the host plant 
prevents the normal functioning of such strains, or whether they are actively 
parasitic on the nodule tissue. 

Strains of the nodule organism thus differ in their relationship to the host 
plant. The behaviour of a single strain in the tissues may also be altered by 
the condition of the host plant. Thus, when Yicia faba is grown in a boron- 
deficient solution, the conducting tissue develops abnormally, so that the 
vascular supply to the nodules is either absent or incomplete. In such nodules 
the bacteria fix but little nitrogen and destroy the host cells in which they lie, 
although the same strain in healthy plants behaves normally and fixes appreci- 
able amounts of nitrogen (Brenchley and Thornton (5) ). It is thus possible 
experimentally to alter the relationship between the host plant and the bacteria, 
so that a strain of the latter which is normally beneficial to its host becomes 
actively parasitic. It was suggested that, in normal nodules, the bacteria 
derive their energy material from the carbohydrates conveyed to them along 
the vessels, but that in boron-deficient plants they are to a large extent deprived 
of their carbohydrates, owing to failure of the vascular supply, and derive 
energy by attacking the host protoplasm. If this hypothesis be correct, it 
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should lie possible to induce the change from symbiosis to parasitism by cutting 
off the carbohydrate supply in other ways, for example by keeping the plants 
in darkness. 

B. Infection of Darkened Seedlings. 

The following experiment was made to ascertain whether nodules could be 
formed on plants kept in the dark. Eighteen wide test-tubes were half filled 
with a mixture of equal parts of garden soil and sand and sterilised in the 
autoclave. Each w T as inoculated with a suspension of a 3-day old culture of 
the lucerne nodule organism. Twenty seeds of lucerne (Medicago saliva , L.) 
the coats of which had been sterilised by immersion in absolute alcohol followed 
by 0 • 2 per cent. HgCl 2 , washed off with sterile water, were placed in each tube. 
Six tubes were kept in the light, six in darkness, and the remaining six in light 
until the seedlings showed the first true leaves open, after which they were 
kept dark. Germination took place in 7 days and, in the lighted seedlings, 
the first true leaves opened 5 days later. Three weeks after sowing 20 plants 
from each of duplicate tubes w r ere examined. The development of nodules 
is shown in Table I. 


Table 1.— Effect of Light and Darkness on Nodule Formation. 


Plant kept dark 
Plants kept darl 
opened 



Nodules on 20 plants. 

Mean 

Mean 




length of 

breadth of 


1 1 


nodules 

! nodules 


Tuhol. ! Tul>e 2. ' 

i ! 

Mean. 

in mni. 

in mm. 

: after true leaves 

1 i 1 

! 3 | 4 

1 j 

• r> 

i 

0-25 

f 

0 • 2f> 

! 17 lr, 

10 

0*4 

or, 

te light 

J 42 J r>! 

4or> 

1 -0 

| 

0 75 


Complete darkening of the plants almost entirely stopped the appearance 
of nodules. Darkening after the opening of the first true leaf greatly reduced 
nodule formation. Some of the nodules in this series probably appeared while 
the plants were still exposed to light, for although very few nodules develop 
before the true leaf opens, this rule* is not absolute (Thornton (6) ). 

The following experiment was made in order to ascertain whether nodules 
continue to be formed after plants are placed in darkness. Sixteen wide test- 
tubes containing an agar medium, made up wfith plant nutrient solution,* 

* The medium had the following composition: — K a HP0 4 , 0-5 grs. ; MgS0 4 . 7H a O, 
0-2 gra. ; NaCl, ()•! gr. ; Ca. { (P0 4 ) 2 , 2*0 gra. ; tYPCq, 1 0 grs. ; KeCl 3 , 0*01 gr. ; agar, 
10 grs. ; water, 1000 c.c. 
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were sterilised and each was sown with two lucerne seeds, the coats of which 
had been sterilised as described above. The seeds germinated in 3 days and 
the tubes were then inoculated with a 10-day old culture of the lucerne nodule 
organism. Two weeks later most plants had the second true leaf open and 
nodules had begun to form. 18, H) and 28 days after germination, pairs of 
duplicate tubes were removed and placed in the dark. The number of nodules 
that appeared in these tubes before and after the tubes were darkened is shown 
in fig. 1. Darkening did not immediately stop nodule formation, one or 



two nodules appearing after this was begun, but soon the process was completely 
stopped. 

The arrest of nodule formation is presumably due to the absence of some 
factor which in lighted plants assists the development of nodules, since 
observations described below show that the protoplasm and cell walls of the 
host are not made more resistant to the nodule bacteria by darkening the 
plant. The plants apparently contained a small reserve of this factor at the 
time of darkening, no further nodules being formed when this was used up. 
The factor must be present in small quantities in the seed, since a few nodules 
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developed on plants grown entirely in the dark (Table I). When inoculated 
seedlings grown in the light are deprived of their cotyledons, the appearance of 
nodules is delayed until the true leaves are well developed (Thornton, 6). A 
substance essential to nodule formation is thus present in the cotyledons and is 
presumably also formed in the true leaves. It is perhaps the lack of this 
substance in darkened seedlings that stops the formation of nodules. The fact 
that cell division ceases in the roots of such seedlings suggests that the substance 
acts by furthering this process. 

C - -The Degeneration of Nodules on the Roots of Darkened Seedlings. 

The nodules on the roots of plants placed in the dark soon ceased to grow 
and remained small (Table I). The plants placed in darkness in the second 
experiment bore some nodules which had appeared when the plants were 
lighted. These nodules, and others formed after the plants were darkened > 
were fixed in Bouin’s fixative (7) and serial sections 5 p thick were cut and 
stained with iron hsematoxvlin and orange 6. These preparations were com- 
pared with others from a control series of nodules taken from plants kept all 
the time in the light. 

The development of the nodule on normal lucerne seedlings grown in light 
is as follows. The bacteria infect a root hair, forming within it one or more 
“ infection threads ” containing the organisms in the short uniformly-staining 
rod stage. Infection threads penetrate ceils as far as the inner layers of the 
cortex but do not penetrate the endodermis. Along the course of the threads 
the cells that have been penetrated and those adjacent to them become more 
densely protoplasmic, their nuclei increase greatly in size, and active cell 
division commences. The cell division thus begun produces a mass of meri- 
stematic tissue, characterised by protoplasmic cells with large nuclei (Plate 7, 
fig. 1). Through these the infection threads ramify. 

Infected cells are sometimes seen in a state of division and in such cases 
the mechanism of the mitotic spindle does not appear to be damaged by the 
presence of the infection thread of bacterial zoogloea within the cell. The 
thread often grows towards and applies itself to the host cell nucleus, which, 
however, remains apparently undamaged by this. 

When the nodule reaches a diameter of about 1 mm., the cells in the proximal 
region cease to divide (Plate 7, fig. 2). At the distal end, however, cell division 
continues, a meristem cap being thus formed, which causes the nodule to 
increase in length and to become roughly cylindrical. At about this time 
vascular strands grow out into the nodule cortex in the manner described in 
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detail in the case of Vicia by Brenchley and Thornton (5). Swelling of the 
infected cells and a rapid multiplication of the bacteria within them accom- 
panies the growth of the vascular strands. Save in old nodule tissue the 
bacteria do not normally appear to injure the cells in which they lie, the 
nucleus of the host cell, and even the cytoplasmic strands running from it, 
being undamaged by them (Plate 8, lig. 1). Degeneration of the cell contents 
occurs only in old infected cells. The bacteria that lie in the cytoplasm show 
a progressive change in appearance, increasing in size and becoming banded 
(Plate 9, fig. 1 ). During the growth of the nodule the young cells in the inner 
layers of the meristem cap become infected by ramification of the infection 
threads, portions of which also persist in the proximal regions of the nodule 
and eventually play a part in its decay. 

When lucerne seedlings are grown entirely in the dark such nodules as 
appear do not attain a diameter greater than 0*5 mm., and remain in the 
roughly spherical stage reached in normal nodules about the first or second day. 
Sections show that such nodules, when about 2 weeks old, consist of small cell 
tissue, the cells of which have ceased to divide (Plate 7, fig. 3). The cytoplasm 
has shrunk to a thin layer lining the cell w*alls and the nuclei are very small. 
These changes are not due to the action of the infecting bacteria, since they 
occur in other meristem tissue, such as young lateral roots. The infection 
threads are more numerous than in normal nodules. They show a greater 
tendency to swell out into zoogloeal masses. They tend as usual to grow up to 
and apply themselves against the nucleus of the host cell ; the latter however 
does not remain undamaged, but in many cells becomes surrounded by a mass 
of bacterial zooglcea and progressively degenerates, first losing its shape and 
structure and finally disappearing. This destruction of the nucleus is not seen 
in uninfected meristem tissue and is thus due to the presence of the bacteria, 
which have become actively parasitic (Plate i , fig. !)• 

On seedlings kept at first in light and then in the dark, nodules that had 
begun to develop in the light continued to increase in size for a few days and 
then stopped growing, cell division being arrested. In the younger portions 
of such nodules the infection threads tend to swell out into zooglceal masses 
and to attack the nuclei of the host cells, as was noted above. In the older 
swollen cell tissues the cytoplasm is destroyed, the nucleus shrivels up an 
vanishes, and the bacteria collect in dense masses in the cells. (Compare 
figs. 1 and 2, Plate 8.) The bacteria in such tissues change from swo en 

banded rods to much smaller rods and coccoid forms. 

In nodules from darkened seedlings the bacteria do not remain confined to 
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the cells, but invade the intercellular spaces and llu* nii(idl<‘ lanielhc of the 
cell walls. In young healthy nodules such invasion does not occur, the bacteria 
being entirely intracellular, except at the point where the infection threads 
cross the cell walls. In nodules from darkened seedlings, the points at which 
infection threads cross the cell wall become centres from which bacteria invade 
the intercellular spaces (Plate 8, lig. 4) and, by attacking the middle lamella! 
of the walls (Plate 8, fig. 3), gradually cause the nodule tissue to disintegrate. 

D . — Decay of Old Nodules. 

The observation that in these abnormal nodules the bacteria tend to attack 
the middle lamella of the cell wall, has a special bearing upon the problem of 
the decay of old nodules on normal plants. In perennial legumes, such as 
lucerne, most of the nodules decay in the autumn, a fresh batch forming on 
young roots the following year. This decay takes place most rapidly in the 
interior of the nodule, so that decaying nodules are often hollow inside while 
the cortex is intact. Milovidov (8), in his observations on the histology of 
clover nodules, describes the older proximal region of the nodule as having the 
intercellular spaces invaded by coccoid rod forms, which eventually cause 
disintegration of the tissue. In lucerne, as in clover, coccoid rods invade the 
intercellular spaces and the middle lamellae of the cell walls, in older parts of 
the nodules, towards the end of the season. 

It was necessary to make certain that these bacteria were in fact the nodule 
organism, and were not contaminating organisms which had entered the nodule 
from outside. To decide this point, lucerne seedlings were grown in wide 
test-tubes containing the agar medium described above, which were sterilised 
in the autoclave and sown with seeds whose coats were also sterilised. When 
the seeds had germinated, 15 of the tubes were inoculated with a culture of 
the lucerne nodule organisms and 5 were left uninoculated, to serve as controls. 
These latter remained free from bacterial growth. The seeds were sown in 
April and, in the inoculated tubes, plentiful nodule development occurred. 
Towards the end of the summer the plants began to lose their leaves, and in 
September platings from nodules out of five of the tubes were made on lucerne- 
root extract agar and on nutrient agar. In no case did colonies other than 
those typical of the nodule organisms appear. A number of nodules from these 
same tubes were fixed in Bouin’s fixative, paraffin sections were made and 
stained with iron haematoxylin and orange G. 

In these old nodules the centre was usually hollow, the space being surrounded 
by collapsed and disintegrating tissue (Plate 9, fig. 4). The stages of this 
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disintegration could lx* followed by studying regions of different ages in the 
nodules. In the earliest stage, coccoid rods invade the intercellular spaces 
and the middle lamella, of the cell wall. The invasion commences at the 
point where an infection thread crosses a cell wall. There are frequently 
pieces of infection thread persisting in the swollen cells containing bacteroids, 
and, in these threads, the bacteria, remain in the form of coccoid rods. The 
bacteria that invade the middle lamella and the intercellular spaces multiply 
and remain in this form (Plate 9, fig. 2). The coll walls invaded by the bacteria 
swell out and eventually collapse (Plate 9, figs, 2 and 4). 

Meanwhile progressive degeneration of the cell contents of the swollen cells 
and of their contained bacteroids takes place. The nuclei lose their shape and 
disintegrate and the cytoplasm shrinks to a small lump. The bacteria in the 
cytoplasm, which in. younger tissue consist of banded rods (Plate 9, fig. ]) 
break up into darkly-staining granules (Plate 9, fig. 2) which eventually 
disappear or at any rate lose their staining properties. 

In the final stages of decay, collapse and disintegration of the tissue results 
in the formation of a hollow spare surrounded by fragments of cell walls and 
zooghoai masses of bacteria, in the coccoid rod stage (Plate 9, fig. 4). When 
the nodule breaks up, it is presumably these bacteria which escape into the 
soil to infect fresh roots. Continuance of the race is therefore brought about 
by tin' descendants of the originally small numbers of bacteria which have 
persisted within the infection threads and which escape and multiply in the 
intercellular spaces. It is not brought about by the bacteria that have 
multiplied in the cytoplasm and carried out the nitrogen fixation, since these, 
degenerate and apparently come to nothing. The life-cycle of the bacteria 
within the lucerne nodule may thus be represented diagrammatic-ally as in 
fig. 2. 

The process of decav was also followed in old clover nodules. .For this 
purpose plants were grown aseptieally as above described. Some tubes were 
kept uninoculated as controls, and these showed no signs of bacterial growth. 
Other tubes were inoculated with a pure culture of the clover nodule organism, 
and platings from the contents of these tubes, made at the conclusion of the 
experiment, showed only colonies typical of the nodule bacteria. Nodules 
were fixed and sections made and stained as described in the case of lucerne 
nodules. 

In clover, as in lucerne,. bacteria in the coccoid rod stage, derived from the 
old infection threads, invade the intercellular spaces and the middle lamella? 
of the cell walls, from the points at which infection threads enter the cell 
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(Plate 10, fig. 3). Milovidov (8) states that, cyst-like swellings, formed on the 
infection thread in young cells, act as reservoirs from which coccoid rods 
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invade the intercellular spaces in older tissue. The old infection threads 
themselves were centres from which the invasion took place in the material 
here studied. The infected cell walls swell up and the coccoid rods multiply 
therein (Plate 10, fig. 4). The bacteria in the cytoplasm, which become more 
swollen than in lucerne (Plate 10, fig. 1), break up into granules (Plate 10, fig. 2), 
which eventually lose their staining properties. The nuclei of the infected 
cells degenerate, losing their shape and structure and finally disappearing, 
and the cytoplasm shrinks to a lump in the centre of the cell. 
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E. — Discussion. 

The behaviour of the nodule bacteria within the tissues is liable to be 
altered by the condition of the host plant and to change during the life of a 
single nodule. Three conditions are known under which a strain of nodule 
organism, known to exist normally within its host as a beneficial symbiont, 
will become actively parasitic and destroy the tissues of the same host. The 
first condition is induced by growing the plants in boron- deficient solution 
(Brenchley and Thornton (5) ) so that the vascular supply to the nodule is 
absent or defective. The second condition is obtained by growing the host 
plant in the dark and thus preventing photosynthesis. In both conditions 
the normal carbohydrate supply to the nodule is cut off ; in the first at the 
nodule itself and in the second in the leaves. It is natural to suppose that this 
shortage of carbohydrate is in both cases the cause of the similar change to 
parasitism, and that when no carbohydrate is brought to them, the bacteria 
obtain their energy by attacking the nucleus, cytoplasm, and cell walls of the 
host tissue. 

The fact that the bacteria do not attack the host cells in normal young 
nodules is not, however, fully explained by this hypothesis. The host tissues 
provide a source of energy which they are able to utilise, since they do so 
when the carbohydrate supply is deficient. Why do not the bacteria in the 
healthy nodule increase up to the limit set by the total energy supply, con- 
suming both the carbohydrates brought to them and also the host tissues ? 
There is presumably some other factor which limits the bacterial population 
to a size which can obtain the needed energy from the carbohydrates normally 
supplied by the leaves. The air supply is a factor likely to limit the bacterial 
numbers in nodule tissue. 

Observations showed that the functioning of nodules was closely dependent 
on good aeration. Seedlings were grown in wide test-tubes each containing 
a column of agar medium about inches deep. Under such conditions plants 
in some tubes develop nodules deeply imbedded in the agar, while in other 
tubes nodules either develop at the surface or else are given access in the air 
by shrinkage or cracking of the agar gel. Where the nodules are all deeply 
imbedded the plants remain weak, scarcely larger than uninoculated plants. 
Where the nodules develop with free access to the air, the plants grow much 
stronger (Plate 11, fig. 1). In the latter case there was appreciable nitrogen 
fixation, whereas the imbedded nodules produced no increase in nitrogen 
(Table II). 
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Table II. Effect of Aeration of Nodules on Nitrogen Fixation in Lucerne 
Seedlings growing in Agar. 

(Total nitrogen of seedlings plus agar medium.) 


Tube number. 


Tubes with nodules exposed to air — 
1 
2 
a 

4 


Tubes with nodules imbedded in agar 

1 

2 

a 

4 


Uninoculated tube 


Total nitrogen. j 

! Mean. 

1 

mgs. 


4-22 

1 

4-13 

i 

:W57 


2-«:s 

J 

2*00 


2*00 

1 1-88 

MM) 

r 


2-2<i | 2*20 


In certain cases nodules, at first deeply imbedded, were subsequently exposed 
to the air by shrinkage of the agar ; such nodules then began to benefit the 
plant, producing a sudden increase in growth and darkening of the leaves 
(Plate 11, fig. 2). Sections were made of nodules deeply imbedded which had 
not benefited the host plant, and of nodules growing at the surface whose 
host plants were growing strongly. In neither case were the bacteria in the 
young nodule tissue attacking the host- cell contents or invading the cell walls. 
Thus unhealthy and stunted growth of the plant did not in itself cause the 
bacteria to become parasitic. They did not attack the host tissue, because 
their numbers were limited by lack of air and the carbohydrates brought to 
them supplied sufficient energy material. In healthy fimctioning nodules, 
it is probably the air supply which still limits the bacterial population. But 
where the carbohydrate supply is cut down, energy material becomes the 
limiting factor, and the bacteria consequently consume all available material 
in the host tissues. 

The third condition in which the bacteria become parasitic upon the host 
tissues is that brought about in old nodules. Here their behaviour bears 
obvious resemblances to the. change to active parasitism induced by shortage 
of carbohydrate supply. In both cases they destroy nuclei of the host' cells 
and invade the cell walls from the infection threads. Here also the change in 
relationship between the bacteria and the host tissues is perhaps caused by a 
failure of the carbohydrate supply within the host cells, due either to lessened 
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photosynthesis as the season advances or to some failure in the translocation of 
carbohydrates into the nodule. 

Nummary. 

1. When inoculated lucerne seedlings are placed in the dark, the formation 
of fresh nodules is soon stopped and nodules already formed soon cease to 
grow in size. This is associated with, and probably due to, the cessation of 
cell division throughout the root. 

2. In such nodules, the bacteria become parasitic upon the host tissues, 
destroying the cytoplasm and nuclei of the infected cells, and invading the cell 
walls and intercellular spaces. 

•h In old nodules on lucerne and clover plants growing in the light, the 
bacteria behave similarly. The swollen forms in the cytoplasm, after the 
destruction of the host nucleus, break up into granules which eventually 
disappear, while coccoid rod forms from the old infection threads invade the 
cell wall and intercellular spaces, causing the nodule tissue to disintegrate. 

4. It is suggested that in both these cases the change, in behaviour of the 
bacteria is due to lack of carbohydrate, and that, where this is limited, the 
bacteria derive their energy from the host tissue. 

5. This hypothesis implies that, in normal nodule tissue, some other factor, 
perhaps air supply, limits the bacterial population and thus prevents them 
from attacking the host tissues. 

6. Observations on lucerne seedlings growing in agar show that where the 
air supply is inadequate, the nodules do not function normally, although 
these conditions do not cause the bacteria to injure the nodule tissue, the 
carbohydrate suppty not being the factor limiting their growth. 
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DESCRIPTION OF PLATES. 

Plate 7. 

Fio. 1. — Young lucerne nodule on normal seedling grown in the light, showing protoplasmic 
cells and large nuclei. Dividing cell (m), stele (stl), nodule cortex (c,t). ( x 330.) 

Fig. 2. — Slightly older lucerne nodule on normal seedling, showing differentiation of 
tissues into meristem cap (ms), swollen cell region (sic), and nodule cortex (ct). 
(X 200.) 

Fig. 3. — Nodule from lucerne seedling grown in the dark, showing disappearance of cyto- 
plasm, shrinkage of nuclei and great increase in quantity of infection threads (si). 
(X 330.) 

Fig. 4. — Part of the nodule shown in fig. 3 showing nuclei (</), being destroyed by bacterial 
zooglcoa (z). Uninjured nuclei (a). ( < 1000.) 

Plate 8. 

Fjg. 1. — Swollen infected cells in a normal nodule from a lucerne seedling grown in light, 
showing large nuclei (w), and cytoplasmic strands (cw), uninjured although the cyto- 
plasm is filled with bacteria. ( 1000.) 

Fig. 2. — Swollen infected cells in a nodule from a lucerne seedling placed in the dark, 
showing destruction of the cytoplasm, and the shrunken and distorted nucleus (n). 
Masses of bacteria (bac). infection thread (-4). (x 1000.) 

Fig. 3. — Nodule tissue from lucerne seedling grown in the dark, Bliowing invasion of the 
cell walls by the bacteria. ( X 1000). 

Fig. 4. — Colls from the same nodule as fig. 3 showing infection of the cell wall ( cw ), from an 
infection thread (st). (X 1000.) 

Plate 9. 

Fig. 1. — Young swollen cell tissue from a. nodule on lucerne grown in the light, showing 
bacteria in the banded rod stage. ( 1000.) 

Fig. 2. — Swollen cell tissue from an old lucerne nodule (plant grown in light), showing that 
the bacteria in the cytoplasm have broken up into granules ( gn ). which gradually 
disappear (gns), while the cell walls have become infected with eoccoid rods {cw). 
(X 1000.) 

Fig. 3. — Tissue from a similar old lucerne nodule showing swelling of the infected cell 
walls ( cws ), and remains of cytoplasm (gnu). (/, 1000.) 

Fig. 4. — Tissue from the centre of the same nodule showing collapse of weakened cell walls 
(cws). Hollow space in the centre of the nodule (sp), bacterial zoogloea (bac). ( x 1000. ) 

Plate 10. 

Fig. 1. — Young swollen cell tissue from clover nodule, showing bacteroids ” (bac). 
Host cell nuclei (n). (xlOOO.) 

Fiu. 2. — Swollen cell from old clover nodule showing bacteria breaking up into granules. 
(XlOOO.) 

Fig. 3. — Swollen cell from old clover nodule showing bacteria from infection thread ( st ), 
invading the cell w^all (cw). Remains of host cell nucleus (n). (X 1000.) 

Fig. 4.— Tissue from old clover nodule showing invasion of cell walls. ( X 1000.) 
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Plate 11. 

Fjq. 1. — Lucerne seedlings grown in agar, (ft) IJninoculated controls, (b) Inoculated plants 
whose nodules are imbedded in agar, (c) Inoculated plants Homo of whose nodules 
are exposed to the air by shrinkage of the agar. 

Fig. 2. — Lucerne seedlings grown in agar, (a) Uninoculated controls, (b) Inoculated plants 
whose nodules were for some time imbedded but have since become exposed to air, 
(c) Inoculated plants some of whose nodules have been exposed to air from an early 
stage. 
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THE INFLUENCE OF THE NUMBER OF NODULE 
BACTERIA APPLIED TO THE SEED UPON NODULE 
FORMATION IN LEGUMES. 

By H. G. THORNTON. 

(Department of Bacteriology , Rothamsted Experimental 
Station , Harpenden.) 

(With One Text-figure.) 

It is natural to suppose that the greater the number of nodule bacteria 
in the soil surrounding their host legume, the better will be the chances 
of any given root hair becoming infected. The number of nodules formed 
should, in consequence, increase as the number of these bacteria, unless 
other factors limit the infection or subsequent nodule development. 

This problem of the factors limiting infection has a bearing upon a 
related but less simple problem which is of importance to the practice 
of legume seed inoculation, namely : how far can the number of bacteria 
added to each seed be increased with a corresponding improvement in 
the number of nodules formed ? 

This question was investigated by A. T. Perkins (l), who made ex- 
periments with Soybeans grown in sand cultures, and inoculated before 
sowing with varying numbers of nodule bacteria. He found that the 
number of nodules was increased when the number of bacteria per seed 
was raised from 1 to about 50, but that more bacteria than this did not 
produce more nodules. From this result he concludes that “after a 
certain degree of infection is reached the host is immune to further 
infection.” The danger in drawing such a conclusion lies in the implied 
assumption that the number of bacteria added to the seed is similar, or 
at any rate proportional, to the number subsequently surrounding the root 
hairs. When inoculated seed is sown in soil or sterile sand the bacteria 
spread into the surrounding medium and increase up to a limit pre- 
sumably set by the food supply or by competition with other organisms. 
This spreading and multiplication has been studied in sterilised soil 
by Thornton and Gangulee(2). Perkins used sand containing nutrient 
salts but laoking in organic energy material which was presumably 
limited to substances produced from the plant’s roots by secretion or by 
the decomposition of dead rootlets. Only 1 lb. of sand was used per 
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pot containing 10 plants. Under these conditions it seems probable 
that the multiplication of the bacteria would soon be arrested by lack 
of energy material even when a small initial number of cells were 
introduced, so that a heavier inoculation would not produce a larger 
population surrounding the roots. In soil under field conditions, on 
the other hand, the plant’s roots penetrate a larger volume of a sub- 
stratum comparatively rich in energy material. The bacteria introduced 
on the inoculated seed will consequently be able to multiply to a much 
greater extent before their numbers are limited by lack of food material 
and until this limit is reached the number of cells originally added 
should affect the size of the population in the soil. Under field con- 
ditions, therefore, it was to be expected that the number of bacteria 
introduced on the seed should have an influence on the population of 
the bacteria surrounding the plant’s roots even when large numbers were 
compared. Whether this difference in population would produce a 
difference in nodule numbers should be determined by the point at 
which the plant was able to resist further infection. There are thus two 
factors, either of which may set a limit to the effectiveness of increasing 
the dose of inoculum upon the seed, first, the maximum population of 
infecting bacteria attainable in the neighbourhood of the roots and 
secondly, the resistance to infection of the plant. 

In actual farming practice another factor is introduced by the fact 
that the farmer is often unable to sow his seed immediately after inocu- 
lation. The consequent storage of the seed may therefore allow time 
for the death of many of the bacteria to take place. To approximate to 
practical conditions, therefore, the effect of varying concentrations of 
bacteria upon the seed must be tested both when the latter is sown 
at once and when it is stored for varying periods after inoculation and 
before sowing. 

In the following field experiment the seed was inoculated at rates 
of one culture to 7, 14, 28 and 56 lb. of seed and, in order to test the 
power of the organisms to remain viable on the seed, each dose of 
inoculation was tried after storing the seed at room temperature for 
1, 7, 14 and 28 days. The cultures used for inoculation were grown upon 
an agar medium containing extract of lucerne roots, mineral salts 
and saccharose, and the inoculation was carried out by means of a 
suspension of the bacteria in skim milk containing 0*1 per cent, of 
CaH 4 (P0 4 ) 2 + 2H 2 0 (Thornton and Gangulee(2)). In making each inocu- 
lation, a suspension of the bacteria from four cultures was made and 
suitably diluted. 
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The trial was carried out on Colonel E. P. Brassey’s estate at Upper 
Slaughter, Gloucestershire, the farming operations being supervised by 
Messrs C. Comely, of the County Education Office, and Mr W. H. Blake. 

The soil is shallow and calcareous, overlying flaggy limestone. It had 
been shown in a previous experiment on an adjacent field that un- 
inoculated lucerne plants were practically free from nodules. The land 
used for the experiment had previously carried winter barley, folded 
off to sheep and had received no nitrogen other than that supplied by 
their droppings. The ground was on a slight slope and there was some 
gradient in fertility. To reduce the effects of this, each treatment was 
tested on duplicate plots and three were sown with uninoculated seed, 
the plots having the random arrangement shown in Table I, but with 
the two blocks placed in a single row. The total area of the 35 plots was 
If acres. The seed was sown with hand drills on July 21 to 23, 1927, at the 
rate of about 18 lb. to the acre. The flow of seed through the drill was 
somewhat uneven. This seems to have influenced the subsequent growth. 

Table I. 

Block A 

Pot No. 2 4 0 5 7 13 15 10 9 12 0 0 8 14 11 3 1 10 

Lb. of seed treated 50 50 Un- 28 28 7 7 7 14 14 Un- 28 28 7 14 50 56 14 

per culture treated treated 

No. of days the 14 1 „ 28 7 28 7 1 28 1 „ 14 1 14 7 7 28 14 

inoculated seed 
was stored 

Block B 

Pot No. 1 16 13 4 15 9 8 3 5 0 14 10 0 7 2 11 12 

Lb. of seed troated per 50 7 7 50 7 14 28 50 28 28 7 14 Un- 28 50 14 14 

culture treated 

No. of days the inocu- 28 1 28 1 7 28 1 7 28 14 14 14 „ 7 14 7 1 

lated seed was stored 

• The plant germinated well but during August it was attacked by 
millipedes and beetles and suffered a good deal of temporary damage. 

On September 24 sample plants were dug up, about 30 plants being 
taken from each of four different areas on each plot. These were taken 
to the laboratory, their roots washed out and the nodules on 50 plants 
from each plot were counted. The results of this count are shown in 
Table II. Increase in the strength of the inoculum has increased the 
nodule numbers up to the strongest dose used. But if the nodule numbers 
are plotted against the quantity of culture per lb. of seed, the curve 
rises steeply from uninoculated to the weakest inoculum tested and is 
flatter over the range covered by the experiment. The effect of increasing 
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doses is thus less over this range than it would be at a weak concen- 
tration (Fig. 1). 

The effect of storing the inoculated seed shows that the bacteria 
are remarkably resistant to drying on the seed. Seed stored for 14 days 



Fig. 1. Relation of nodule numbers to bacteria per seed. 

The crosses represent the range covered by 3 times the standard error. 

after inoculation still produced 61 per cent, of the number of nodules 
obtained from seed stored only 1 day. The effect of storage is greatest 
between 1 and 7 days. It seems therefore that the number of bacteria 
surviving upon the seed falls off most rapidly during the first few days. 
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The case may thus be compared with that of a suspension of bacteria 
or fungus spores in the presence of a killing agent (Henderson Smith (3)). 

Table II. Nodule Counts, Slaughter Field Trial, September 1927. 
Comparison of Parallel Plots. 


1 culture to 1 culture to 1 culture to 1 culture to 

7 lb. seed 14 lb. seed 28 lb. seed 56 lb. seed 

A A A. A 


Period 

( S r ...... .K. 

Total Total 


A 

' Total 

> 

Total 

v % 

of 

nodules A 2 o{ nodules 

X 2 of 

nodules X 2 of 

nodules 

X 2 of 

storage 

on 50 duplicate on SO 

duplicate 

on 50 duplicate 

on 50 

du plicate 

(days) 

plants plots plants 

plots 

plants plots 

plants 

plots 

1 

165, 176 0-355 154, 130 

2-028 

188, 119 15-508 

79, 124 

9-975 

7 

102, 111 0-380 66, 82 

1-730 

53, 49 0-157 

112, 117 

0*109 

14 

86, 121 5-918 100, 99 

0-005 

67, 73 0-257 

67, 79 

0-986 

28 

98, 96 0-021 76, 50 

5-365 

97, 36 27-977 

47, 55 

0-627 

Total X 2 

6-674 

9-128 

43-899 


11-697 


(Total X 2 expectation 4-00.) 




Comparison of Treatments . 




Total nodules Total nodules 

Total nodules Total nodules 

Percentage 

Period 

on 100 plants on 100 plants 

on 100 plants on 100 plants 

of numbers 

of 

and standard and standard 

and standard and standard 


obtained 

storage 

error error 

error 

error 

with fresh 

(days) 

7 lb. seed 14 lb. seed 

28 lb. seed 56 lb. seed 

Moans 

inoculum 

1 

341+37 284 f 34 

307 +35 

203+28 

283-75 

— 

7 

213+29 148+24 

102+20 

229 +30 

175-25 

61-75 

14 

207 |29 199+28 

140+23 

146+24 

173-0 

61-00 

28 

194+28 126 +22 

133+23 

102+20 

138-75 

48-9 

Means 

238-75 + 15-4 189-25 + 13-8 

170-5+13-1 170 + 13-0 



Percentage of numbers 78-5 

71-4 

71-2 



obtained with strong 





inoculum 






Notes. The standard errors are based on the sum of the X 2 indices of the 16 sets of 
duplicates, and are actually calculated by taking twice the square root of each total count 
(of. method developed by Fisher, Thornton and MacKenzieU)) (3 times the standard error 
is a significant difference). 50 plants from each of the uninoculated plots bore 12, 6 and 4 
nodules respectively. 

In order to test whether the differences in nodule numbers, produced 
by varying concentration of culture and time of seed storage, were 
sufficient to affect the crop, weighings of the latter were taken. Table III 
shows the yield in lb. of green lucerne from 0-013 acre from each plot. 
The plots were very uneven as can be seen by comparing parallel plots. 
This seems to have been due to two causes. In the first place, the lower 
part of the field, bearing plots 9, 8, 3, 5, 6, 14, 10, 0, 7, 2, 11, 12 in 
Block B (Table I), had a much higher fertility than the remainder of 
the area. In the second place, uneven running of seed from the drills 
may have caused some plots to receive rather too little seed. The results 
of the weighings show, however, that there are no significant differences 
due either to amounts of culture or to length of time of storage in spite 
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of the fact that inoculation has, on an average, increased the yield over 
untreated by about 100 per cent. The differences in nodule numbers 
found on the 2 months old inoculated plants have not been sufficient 
to affect the yield perceptibly. 

Table III. Upper Slaughter Lucerne Experiment. 

Result of weights taken from duplicate plots, September 14, 1928. 


Period of 


Lb. of seed per culture 



storage 


A 



Means 

f 




(days) 

7 

14 

28 

56 

lb. 

1 

2000 

2769 

2538 

1538) 

1961-25 


1769 

1461 

1769 

1846)' 

7 

1307 

2884 

2461 

2846 1 

1994-75 


1307 

1538 

1615 

2000] 

14 

2654 

2346 

2692 

2961 1 

2345-75 


2000 

1807 

1807 

2499) 

28 

1538 

2807 

2807 

1615) 

1951-5 


1307 

1692 

1923 

1923) 

Means 

1735-25 

2163-0 

2201-5 

2153-5 

2063-3 


Untreatod plots: 961, 691, 1384. Mean of untreated plots: 1012. 

In the experiment above described, large numbers of bacteria were 
added per seed. A culture contains on an average 28,000,000,000 viable 
organisms. A pound of lucerne seed contains about 200,000 seeds, so 
that the number of organisms added per seed in the experiment ranged 
from 2,500 to 20,000. At these heavy concentrations a maximum effective 
dose was not reached under field conditions. In order to see whether a 
maximum effective inoculation could be reached by still heavier doses 
of the organisms, a pot experiment with Runner Beans (Phaseolus multi - 
floras) was made. In order to lessen the likelihood of the soil becoming 
saturated with the bacteria and thus affording a limiting factor, large 
pots were used containing 25 kg. of a mixture of equal parts Rothamsted 
unmanured soil and sand. This was maintained at a moisture content 
of 14*0 per cent., loss of water being determined by weighing each time 
the pots were watered. The following treatments were tested: 

A. Uninoculated. 

B. Seed inoculated at the rate of 1 culture to 16 lb. of seed. 

C. Seed inoculated at the rate of 1 culture to 4 lb. of seed. 

D. Seed inoculated at the rate of 1 culture to 0*5 lb. of seed. 

, E. Seed inoculated at the rate of 1 culture to 0-5 lb. of seed and 

4 oz. of chaff mixed into the soil + sand. 

F. Plants repeatedly watered with a thick suspension of the bacteria. 

G. Plants repeatedly watered with a thick suspension of the bacteria 
and half of their leaves removed. 
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The cultures used contained on an average 40,000,000,000 viable 
organisms, and the numbers added per pot on the inoculated seed were 
approximately 40,000,000 in series B, 160,000,000 in series C and 
1,280,000,000 in series D. In series E, seed treated with the heaviest 
of these doses was sown in soil to which chaff had been added, it being 
known that the number of nodule organisms are thereby increased. In 
series F and G repeated doses of inoculum were added during the growth 
of the plants by pouring thick suspensions of the bacteria onto the soil 1 . 
In this manner about 150,000,000,000 organisms were added to each pot. 

The numbers of nodules that developed in each series are shown 
in Table IV, in which the numbers per gram of root are calculated as 
this gives a better measure of the infection where the mass of the roots 
is variable. 

Table IV. Pot Experiment with Phaseolus. 

Nodules per gram of root. 

Block No. 


Serios 

1 

2 

3 

4 

5 

6 

Moan 

A 

83 

81 

52 

108 

69 

55 

78 

B 

84 

64 

98 

130 

114 

111 

100 

C 

95 

64 

90 

53 

100 

50 

75-3 

1) 

94 

164 

119 

95 

136 

218 

137 3 

E 

195 

156 

224 

315 

91 

116 

178 

F 

234 

329 

284 

284 

288 

— 

284 

(1 

215 

390 

219 

450 

199 

154 

271 


The soil was not sterilised, since the establishment of the introduced 
organisms amongst the existing soil population was one of the factors 
to be considered. It contained a natural population of Phaseolus nodule 
bacteria, as is shown by the development of nodules on the uninoculated 
plants. The addition of 160,000,000 bacteria to the seed in scries C has 
not increased the number of nodules but there is an increase produced 
by adding 1,280,000,000 in series D. The heavy dose needed to increase 
the nodules over control perhaps indicates a large population of Phaseolus 
bacteria in this soil. The increase is rather larger where chaff has been 
incorporated into the soil. In series F and G the nodules numbers have 

1 Six parallel pots wore sot up in each series, six seeds being sown per pot and the 
soodlings subsequently thinned out to three plants per pot. In series B, 0 and 1) the seed 
was inoculated by wetting with a suspension of bacteria in skim milk containing 0*1 per 
cent. CaH 4 ( P< ) 4 ) 2 + 2H 2 0. The thickest suspension used was of such a strength that the 
milk just absorbed by J lb. of seed contained the bacteria from one culture. Weaker sus- 
pensions wore obtained from this by dilution. The pots wore arranged in the glasshouse 
in six blocks each containing one pot of each treatment. Within each block the pots were 
interchanged in position at intervals. Tho seeds were sown on August 15, 1927, and the 
experiment terminated on Octobor 15. The roots were washed, the nodules counted and 
the dry weights of tops and roots obtained. 



380 Nodule Bacteria and Nodule Formation in Legumes 

been approximately doubled as compared with the heaviest seed inocu- 
lation in series D. In series G the removal of half the leaves caused a 
reduction in mean root weight to 1*45 gm. as compared with series F 
where the mean weight was 3*94 gm., but the number of nodules per 
gm. of root was not changed by the defoliation. 

In this experiment, as in the field trial, no maximum effective dose 
of inoculum could be found. A comparison of this result with that 
obtained by Perkins (i) confirms the view that the effectiveness of his 
higher doses of inoculum was limited by the lack of sufficient food 
material in the sand to support any but a very small population of 
nodule bacteria. On the other hand, although the maximum effective 
dose was not passed in the experiments here discussed, the increases in 
nodule numbers have not been at all in proportion to the increased 
doses. Thus series D received about 1,280,000,000 organisms per pot 
and series F about 150,000,000,000, but this enormously increased dose 
has only doubled the number of nodules produced. The small effect of 
large doses of bacteria in increasing nodule numbers may be due to the 
population of nodule bacteria surrounding the roots being but little 
affected by the number originally added to the soil. Or it may result 
from a true immunity of the plant to heavy infections. The examination 
of root hairs of legume plants growing on agar seems to show that the 
plant cannot be infected by the organism to an indefinite extent. The 
following observations were made on young lucerne plants grown in 
wide tubes on agar under aseptic conditions and inoculated with a pure 
culture of the nodule organism. The absence of other bacteria from the 
tubes was checked by plating at the conclusion of the experiment. 
When the plants were about 6 weeks old the roots were examined and 
it was found that large numbers of the bacteria were clustered round 
the root hairs and that motile forms were also present. Nearly every 
root hair had a number of bacteria surrounding it. It was easy to see 
the infection threads entering the root hairs. In each of six plant roots, 
100 root hairs, taken at random, were examined and the number found 
to contain infection threads in the six samples were 6, 3, 2, 8, 2 and 3. 
It would appear therefore that only a few of the root hairs actually 
become infected even where large numbers of the organisms are present 
amongst them. There would appear to be some factor other than the 
mere presence of the organisms that controls their entry into the root 
hairs. 
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Summary and Abstract. 

In a fi^ld trial with lucerne grown from seed treated with varying 
doses of culture it was found that the numbers of nodules were increased 
as the dose was raised from 2,500 to 20,000 organisms per seed (56 to 
7 lb. of seed per culture). Storing the seed for periods up to 28 days 
between inoculation and sowing, caused some loss in the nodule numbers. 
This loss was greatest between 1 and 7 days’ storage. 

The difference in dose of culture and in period of storage did not 
significantly affect the crop subsequently obtained from the inoculated 
plots, whose yield was, however, much above the uninoculated. 

In a pot experiment made with runner beans, it was found that 
increase in the dose of culture above 1,280,000,000 organisms per pot 
containing six seeds was still capable of increasing nodule numbers but 
not to an .extent proportional to the increase in dose. 

The experiment does not exclude the possibility that the restriction 
in effect of very heavy doses may be due to the soil population becoming 
saturated with the bacteria. On the other hand, observations on lucerne 
plants grown aseptically on agar and inoculated with a pure culture, 
showed that even when excessive numbers of the bacteria immediately 
surrounded the root hairs, only 4 per cent, of these were infected. 
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ON THE INFLUENCE OF THE CARBON : NITRO- 
GEN RATIOS OF ORGANIC MATERIAL ON THE 
MINERALISATION OF NITROGEN. 

By H. L. JENSEN. 

(Rothatnsted Experimental Station, Harpenden 1 .) 

(With Four Text-figures.) 

Introduction. 

The importance of the C : N ratio in biochemical soil processes has 
received considerable attention in recent years. Doryland(5) first stated 
definitely that the ammonification by Bac. mycoides and other sapro- 
phytic soil bacteria is governed by the proportion between the supplies 
of energy material and nitrogenous food, so that “beneficial” bacteria 
may become “detrimental” and vice versa . Hutchinson and Richards (8) 
considered especially the stabilisation of nitrogen in organic form during 
the fermentation of plant materials for the production of “artificial 
farmyard manure,” and found a certain “nitrogen factor,” expressing 
the quantity of N per unit of organic matter utilised by the micro- 
organisms which carry out the fermentation, and generally amounting 
to 2 per cent, of the dry organic matter. Waksman, on the other hand, 
considers especially the relationships in the soil and concludes theoreti- 
cally (10) that organic materials with a N content of 2-0-2-5 per cent, 
will be decomposed with an immediate production of ammonia, whereas 
materials with less N will show a shorter or longer lag period or even 
nitrogen starvation, because all the N here is consumed by the micro- 
organisms which decompose the organic matter. Later on Waksman 
showed in collaboration with Heukelekian(U) that cellulose-decomposing 
fungi consume nitrogen in a definite ratio to the amount of cellulose 
decomposed, namely, one unit of N to every 30-33 units of cellulose. 
Anderson (i) also found that the most favourable N concentration for 
cellulose decomposition was 1 unit of N to every 35 units of cellulose, 
further supply of N being without effect. In quite recent work Waksman 

1 Those experiments were started at the State Laboratory of Plant Culture, Lyngby, 
Denmark, where the soils were kept, and finished at Rothamsted Experimental Station 
during the writer’s stay as a Follow of the International Education Hoard. The writer is 
indebted to Mr H. F. Larsen for sampling the soils and forwarding the samples. 
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and Tenney (14) found plant materials to be decomposed in soil or sand 
without any extra consumption of N, if the materials contained at least 
1*7 per cent. N. Little attention has been paid to these facts in relation 
to that important soil process, the mineralisation of farmyard manure, 
although it has long been well known that addition of straw to the soil 
tends to check nitrification and causes a more or less temporary decrease 
in fertility. A noteworthy series of papers on this subject has been 
published by Barthel and Bengtsson(2), who in their last contribution 
found that when farmyard manure was added to three different soils no 
nitrification of the organic N took place in 14 months, whereas the 
ammonium-N was rapidly and completely nitrified. They sought to 
explain this by assuming that practically all the organic N was present 
in the form of bacterial bodies and epithelial cells — compounds which 
were not easily decomposed. In the present work farmyard manure was 
compared with a series of other organic materials of varying C : N ratio 
in order to see whether there exists in farmyard manure the same limiting 
C : N ratio as in other materials, and whether this limit is different in 
soils of different reaction, as might be expected, since it is generally 
assumed that fungi are, at least relatively, more active in acid soil, and 
since it is well known that fungi, when consuming a given quantity of 
carbon food, build up more protoplasm and consequently lock up more N 
than do the bacteria. 

Experimental. 

The materials used for the decomposition studies were the following: 
wheat straw (mature); sweet clover (Melilolus alba); blue lupin (Lupinus 
perennis) ; both these plants were cut at the time of full flowering ; farm- 
yard manure (pure, fresh cow dung, containing only a trace of ammonia) ; 
pea pods (green, of Pisum sativum ); lucerne (Medicago sativa } young 
plants cut before flowering); and fungus mycelium (fruiting bodies of 
Polyporus sp. (gigaydeusl)). The contents of total carbon (determined by 
combustion according to Dennstedt (4)) and total nitrogen are given below. 


In finely ground, dry material 



%N 

A 

■ ■ 1 "\ 

Substance 

%e 

C : N ratio 

Wheat straw 

0-54 

about 45*0 

(84 : 1) 

Sweet clover 

1-74 

45*0 

25*9 : 1 

Blue lupin 

2-26 

45-2 

20*0:1 

Farmyard manure 

2-33 

sample lost at time of C determinations 

Pea pods 

2-90 

38*4 

13*3 : 1 

Lucerne 

3-46 

44*6 

12*9 : 1 

Fungus mycelium 

4-45 

45*5 

10*2:1 


Two soils were used for the experiment. One was a light sandy soil, 
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of strongly acid reaction and poor in organic matter, from an unlimed 
plot in a liming experiment at the Tylstrup Experimental Station, North 
Jutland; as little of the soil was available it was diluted with about 
30 per cent, of pure quartz sand. This soil had been stored for a long 
time in an air-dry condition in the laboratory; to ensure the presence 
of living nitrifying bacteria it was inoculated, at the start of the experi- 
ment, with 0-2 per cent, of an acid, sandy forest soil in which nitrifi- 
cation was known to take place. The other soil was a light loamy garden 
soil of good fertility and faintly alkaline reaction. The soils were used 
in 600 gm. portions to which 12-0 gm. of the dry organic materials to 
be tested were added. The initial moisture content of the sandy soil was 
12 per cent, and that of the loamy soil 20 per cent. ; all the soil portions 
with additions of organic materials received further 2*0 per cent, water 
in order to saturate the increased water holding capacity to approxi- 
mately the same degree as in the control soils. The soil portions were 
placed in 1500 c.c. Erlenmeycr flasks provided with tight fitting rubber 
stoppers through which passed a glass tube loosely filled with glass-wool. 
The flasks were incubated at 25° C. and for the first 15 days kept with 
the neck downwards in order to facilitate the escape of the C0 2 produced 
abundantly during the first stages of the decomposition. Samples of 
about 60 gm. of soil were then drawn at regular intervals, and deter- 
minations of N0 3 , NH 4 and reaction were made; while at the end of the 
experiment the humus was determined and estimations were made of 
nitrogen and methoxyl contained therein. Nitrate was determined by 
the ordinary Devarda method, ammonia by Bengtsson’sG) KC1 method; 
humus was determined by the method devised by Waksman(i2), methoxyl 
by the ordinary Zeisel method. Reaction determinations were made at 
the start and for the first two periods by means of the quinhydrone 
electrode, and since then colorimetrically according to Gillespie. Only 
the initial and the final p}l values are given here, the rest being of no 
special interest. 

The results of the nitrate and ammonia determinations are given in 
Table I, and Figs. 1 and 2 show the amounts of inorganic N, as sum- 
totals of N0 3 N and NH 4 N, in acid and alkaline soil, respectively. The 
acid control soil is seen to show an excellent nitrification, in spite of its 
strongly acid reaction, but sweet clover and farmyard manure have both 
depressed the amounts of soluble N during the entire period. The pea 
meal shows some mineralisation of nitrogen, although of the 58 mgm. 
of N originally added, 42 mgm. remain as organic N after 6 months; and 
yet of the 2-9 per cent. N in the pea meal only 1*1 per cent., corresponding 
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to 22 mgm. per 100 gm. of soil, is insoluble in hot water. The fungus 
mycelium shows an interesting effect: a considerable part of its N is 
ammonified during the first 2 months of the experiment, but is appa- 
rently consumed again during a later decomposition of some non-nitro- 
genous constituents of the mycelium, so that after 6 months the content 
of inorganic N is almost the same as in the control soil. In the alkaline 




soil the results are more regular. The wheat straw with its very high 
C : N ratio gives rise to a constant depression of nitrate and ammonium 
content, although there is always a little mineral N present, a result 
supporting Anderson’s observation (i), that nitrification and cellulose 
decomposition may occur simultaneously. The sweet clover has caused 
a smaller depression during the first 4 months; after 135 days this 
depression is overcome, and a definite increase in N0 8 content is noted 
after 6 months. The lupin meal and the farmyard manure show rather 
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Table I. 


I. Production of NH 4 and N0 3 in acid sandy soil. 



pH of soil at start of experiment: 4*74. 

1. Control 2. Sweet clover 

A A 

3. Farmyard 

A 

manure 

Time 

NO,N 

NH 4 N 

N0 8 N 

nh 4 n 

no 8 n 

NH4N 

Start 

0-9 

1*1 









After 15 days 

— 

— 

0*0 

1*3 

0*0 

2*4 

„ 30 „ 

10*9 

0*7 

4*9 

0*4 

5*9 

1*4 

„ 00 „ 

14*8 

2*0 

10*5 

2*9 

9*3 

1*5 

„ 90 „ 

10-5 

0*3 

7*4 

0*0 

9*1 

0*0 

135 M 

10*7 

0*2 

6*5 

0*0 

9*9 

0*0 

„ 180 „ 

12*4 

0-4 

0*4 

0*0 

8*8 

0*6 

Final pH 


4*6 


4*8 

5*1 



4. Pea pod meal 

A 

5. Fungus mycelium 

_ A 



Time 

NOgN 

nh 4 n 

NOgN 

NH*N 



Start 

— 

— 

— 

— 



After 15 days 

0*0 

3*4 

0*0 

5*9 



,, 30 „ 

2*8 

2*9 

0*0 

10*0 



„ oo „ 

4 1 

10*8 

4*4 

17 1 



„ 90 „ 

7*5 

15*1 

0*3 

11*3 



» 135 ,, 

21-4 

8*2 

11 4 

6*2 



„ 180 „ 

19*0 

91 

9*2 

2*6 



Final pH 


4*5 


4*9 




II. Production of N // 4 and N0 S in alkaline loamy soil. 

pH of soil at start of experiment: 7*42. 



1. Control 

A 

2. Wheat straw 

3. Sweet clover 

A 

4. Blue lupin 

A 

Time 

NO3N 

NH 4 N 

no 3 n 

nh 4 n 

no 3 n 

nh 4 n 

NOaN 

nh 4 n 

Start 

1*0 

0*7 

— 

— 

— 

— 

— 

— 

15 days 

— 

— 

— 

— 

0*0 

0*5 

6-9 

0*4 

30 „ 

0*0 

0*0 

1*0 

1*4 

0*8 

M 

2*1 

0*7 

00 „ 

4*5 

0*4 

0*0 

0*3 

1*2 

0*2 

2*3 

0*0 

90 „ 

6*4 

0*1 

M 

0*0 

5*7 

0*0 

7*7 

0*0 

135 „ 

9*0 

0*0 

2*3 

0*0 

10*0 

0*0 

13*0 

0*0 

180 „ 

9*0 

0*0 

1*4 

0*0 

13*9 

0*0 

16*8 

0*3 

Final pH 

6*8 


7*0 


6*8 


6*9 

5. 

Farmyard manure 

6. Pea pod meal 

7. Lucerne meal 

8. Fungus myceliun 



A . . 


A 


_A 






■> 





r 


Time 

NO a N 

nh 4 n 

NO a N 

nh 4 n 

NOsN 

N^N 

N0 S N 

NH*N 

Start 

15 days 

3*5 

0*4 

0*0 

2*2 

0*0 

11*3 

0*0 

2*5 

30 „ 

0*8 

1*0 

8*0 

1*5 

7*4 

10*4 

0*3 

9*9 

00 „ 

7*0 

0*3 

21*7 

0*7 

27*6 

0*2 

34*1 

0*4 

90 „ 

11*9 

0*0 

311 

0*1 

— 

— 

37*0 

0*2 

105 „ 



— 

— 

— 

34*4 

0*0 

— 

— 

135 „ 

17*9 

0*0 

33*0 

0*0 

— 

— 

37*3 

0*1 

150 „ 







— 

35*2 

0*0 

— 

— 

180 „ 

20*6 

0*3 

32*3 

0*2 

35*2 

0*0 

44*3 

0*0 

Final pH 


6*9 


7*0 


6*7 


6-9 
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more nitrification, the latter more than the former; unfortunately the 
carbon content of the manure could not be determined, but if a content 
of 42 per cent, is assumed as not unreasonable, we arrive at a C : N 
ratio of about 18 : 1. When we pass from this value to that of the pea 
meal, viz. 13*3, a large increase in the nitrate production is observed. 
The lucerne meal, in which the C : N ratio is only slightly lower than 



Acid soil Alkaline soil 

Fig. 3. Amounts of nitrogen and methoxyl in humus. 


that of the pea meal, has shown a nitrification which is only slightly 
stronger, in spite of its considerably higher N content. Finally, the fungus 
mycelium with the most narrow C : N ratio behaves in an interesting 
manner: after a lag period there follows a very rapid production of 
mineral N which after 3 months comes almost to a standstill. There is 
thus a correlation between the C : N ratios and mineralisation of the 
nitrogen, the ratio of about 26 : 1 being about the limit above which 
no nitrification will begin within a period of 6 months in alkaline soil 
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under the conditions of the experiment; in the acid soil the limit lies 
much higher — somewhere between 18*1 and 13-3 : 1. It should be noted, 
however, that the time is a factor of considerable importance. In Fig. 3 
the amounts of inorganic N in the alkaline soil after 1, 2, and 6 months 
are plotted against the contents of N in percentage of C. After 1 month 
there is a sharp break of the curve between the figures for pea and 
lucerne meal, but after 2 months the break is most pronounced 
between lupin and pea, and the former break is less marked. After 6 
months the lag period for sweet clover has been overcome, and the two 
other breaks have almost disappeared. The reason why the fungus 
mycelium falls out of the range of the other substances is probably 
the presence of an undecomposable nitrogenous fraction, as mentioned 
below. 

Further it is of interest to note that in the case of substances rich 
in N one part of the N is mineralised rapidly, another only very slowly, 
the N0 3 figures becoming practically constant for pea and lucerne meal 
after 3~3| months; the same holds true of fungus mycelium, although 
this curve is a little more irregular. If the increase in N0 3 content over 
control is taken as an index of the amount of N0 3 produced from the 
organic matter, it is possible to calculate the amount of unnitrified N 
by substracting this excess from the total amount of N in the organic 
matter; this calculation shows that the residues of N after 6 months 
are fairly constant in comparison with the amounts originally added 
and correspond to 1 *5-2*2 per cent, of the original material, increasing 
with decreasing C : N ratio : 


%N 



N added 

N un- 

o/ N 
/o i> 

original 

r 

Unnitrified 

Substance 

mgm. 

nitrified 

Nitrified 

Sweet clover 

34-8 

29-9 

1-74 

0-24 

1-50 

Blue lupin 

45-2 

371 

2-20 

0*40 

1*80 

Manure 

46-6 

350 

2-33 

0-55 

1-75 

Pea pods 

580 

34-5 

2-90 

117 

1-75 

Lucerne 

69-2 

430 

3-46 

1*37 

215 

Fungus mycelium 

890 

44-7 

4*45 

2-21 

2-24 


To determine whether a part of this not readily nitrified N has passed 
into the soil humus the amounts of “a-humus” (crude mixture of humic 
and hymatomelanic acid) were determined according to Waksman(i2); 
the determinations were carried out in triplicates, and 2 portions of 
humus were used for N determinations, 1 for methoxyl determination. 
Table II gives the results. 

The acid soil contains only a little “ a-humus ” which is remarkably 
poor in N and methoxyl; sweet clover gives a slight and farmyard 
manure a very marked increase in humus, and both materials, especially 
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the latter, increase the percentage of both N and methoxyl; pea pods 
have not given any significant increase in the actual amount of humus, 
but the percentages of N and methoxyl are also here considerably in- 
creased; the fungus mycelium has increased the humus content almost 
as much as the farmyard manure, but what is especially noteworthy is 
the extraordinary increase in N content and the reduction of the methoxyl 
content. The garden soil is much richer in humus which also contains 
more N and methoxyl. The wheat straw has given a considerable increase 
in amount of humus, a slight decrease in N content and a very distinct 


Table II. Amounts and composition of humus in soils . 



Humus % in 

N % in 

OCH s % in 


air-dry soil 

humus 

humus 

Acid soil: 

1. Control 

0*49 

2-43 

0-86 

2. Sweet clover 

0-57 

2-86 

213 

3. Farmyard manure 

0-83 

303 

2-43 

4. Pea pods 

0-51 

307 

1-68 

5. Fungus mycelium 

0-72 

4-37 

Oil 

[. Alkaline soil : 

1. Control 

1-05 

4-00 

3-20 

2. Wheat straw 

1-36 

3*89 

3*73 

3. Sweet clover 

1-32 

4*24 

3-40 

4. Blue lupin 

1*63 

4-00 

3-27 

5. Farmyard manure 

1-36 

3-85 

3-22 

6. Pea pods 

1*24 

4-08 

3*31 

7. Lucerne 

1-29 

4-58 

319 

8. Fungus mycelium 

1-33 

4-97 

2-80 


increase in methoxyl content — a fact which would indeed be expected 
from a substance rich in lignin. The sweet clover has here given a much 
greater increase in humus than in acid soil; the N content, too, is in- 
creased considerably, the methoxyl only a little. The blue lupin has 
given a very large increase in humus, with no significant changes in N 
and methoxyl percentages (although the actual amounts of N and 
methoxyl in humus are increased). The manure has given almost th& 
same increase in humus and reduction of N content as the straw, but 
has not affected the methoxyl content. The pea pod meal, deficient in 
lignin, has given only a small increase in humus, with almost unaltered 
N and methoxyl percentages. The lucerne meal, also poor in lignin, has 
iiicreased the humus only a little and left the methoxyl content un- 
changed, but has given a very marked increase in N content. Finally 
the fungus mycelium has given a moderate increase in humus, as in the 
acid soil a striking increase in N content and a decrease in methoxyl. 
The original mycelium contains a fraction, amounting to about 12 per 
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cent, of air-dry matter, which shows great similarity to the “ humic acid ” 
or a-humus of the soil: an amorphous, dark brown substance, soluble 
in alkalies with intensely black colour and precipitated by acids as a 
voluminous, flocculent gel; in dry condition it contains 5*08 per cent. N, 
55*4 per cent. C, and only a trace of methoxyl. Like the soil humus it 
is very resistant to the attack of soil microorganisms, so that its N is 
not readily nitrified in spite of its narrow C : N ratio (11 : 1); in an experi- 
ment — to be described in a later contribution — where 1 per cent, of the 
substance was added to a fertile, faintly alkaline garden soil, no increased 
nitrification over control occurred within 5 months. 



Fig. 4. Mineralisation of nitrogon in relation to composition of organic materials. 

The amounts of nitrogen and methoxyl in humus in the differently 
treated soite are shown in Fig. 3. It seems that all the materials except 
the fungus mycelium have increased the humus content partly through 
their lignin content, partly in another manner which accounts for the 
increases in humic nitrogen. That lignin is a mother substance of soil 
humus can now, according to the studies of Fischer(7), Waksman(i2), 
and du Toit(6), be regarded as settled beyond doubt; the origin of the 
nitrogen in the humus is somewhat more obscure; Waksman(i2, 13) seeks 
the explanation for this in the synthesising actions of microorganisms, 
especially fungi which decompose cellulose actively in the soil and build 
up large amounts of protoplasm, and has actually shown (13) that a 
nitrogenous humus-like substance arises out of pure cellulose decom- 
posing in pure sand with addition of mineral nutrients; the present 
results seem to lend some support to this theory when one considers the 
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increase in humus-N following the decomposition of such cellulose-rich 
substances as sweet clover and blue lupin, and lignin-poor substances 
as pea pod meal and young lucerne plants. Waksman(]2) considers this 
nitrogenous humus a normal constituent of microbial protoplasm in 
general and fungus mycelium in particular; the present experiments 
furnish the evidence that Polyporus does indeed contain such a “humus 
fraction. But whether the formation of such substances is a general 
property of microorganisms can hardly yet be regarded as settled. 

Conclusions. 

The most striking result of the experiments is the fact that in general 
the C : N ratio of the added material influences the nitrification as 
much as does the soil reaction, and that in alkaline soil a certain part of 
the nitrogen added to the soil, namely one part of N for each 20-25 parts 
of C added along with the N, is nitrified only very slowly, whereas the 
excess over this is liberated- quite 11 readily. In acid soil the limit 
is much higher, viz. one part of N for each 13-18 parts of C, 
probably on account of the greater activity of the fungi which 
synthesise more protoplasm and consequently store up more nitrogen 
than the bacteria. The results thus conform well with those of Waksman 
and Tenney (14) and have a very interesting bearing upon the utilisation 
of the nitrogen in farmyard manure; the very slow nitrification of the 
last 1 *5-2*0 per cent, of nitrogen is apparently the cause of the smaller 
effect of farmyard manure nitrogen in comparison with N as nitrate of 
soda, and the very rapidly decreasing nitrifiability which follows a 
decrease in N content towards 2 per cent, of the organic matter conforms 
well with the observation of Iversen(9), that a loss of about 25 per cent, 
of the total N of farmyard manure implies a reduction of about 50 per 
cent, of the fertilising value of the manure in the first year; thus the 
nitrogen which is present in excess over what corresponds to a C : N 
ratio of 20 : 1 is the most valuable part and should be most carefully 
guarded against loss. Barthel and Bengtsson(2) found no nitrification 
of the organic N of farmyard manure (amounting to 2*12 per cent, of 
dry matter), but in this case the nitrification of the organic N of manure 
did occur, only 1*75 of the original 2*33 per cent. N being left unnitrified 
after 6 months. It should be remembered, however, that fresh manure 
was used, whereas Barthel and Bengtsson worked with old, well-rotted 
manure in which highly resistant nitrogenous compounds (“ humus ”) 
may possibly have been formed during the fermentation. 

Finally it is interesting to note that in the case of manure more of 
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the N has been found in the “humus” in the acid than in the alkaline 
soil, and in the former soil it should be still less available to the plants, 
because the humus of the acid soil has a lower N content than that of 
the alkaline soil and consequently is presumably still more slowly 
nitrified. 


Summary. 

Organic materials with a C : N ratio ranging from about 85 : 1 to 
about 10 : 1 were submitted to nitrification tests in an acid and in an 
alkaline soil during a period of 6 months. In the acid soil only pea pod 
meal, with a C : N ratio of 13-3 : 1 showed an increase in inorganic N 
over control; in the alkaline soil the limit above which no nitrification 
will occur within a period of 6 months was at C : N = 26 : 1 ; below this 
limit the rate of nitrification increased rapidly with decreasing C : N 
ratio. Unnitrified N was left behind in a quantity corresponding to 
l*5-2*2 per cent, of the original material, the percentage being higher 
in the case of materials rich in N. 

All the materials tended to increase the content of “a-humus” in the 
soil, though not to the same extent or in the same manner. More 
“a-humus” was produced in the alkaline than in the acid soil, except 
in the case of farmyard manure. Straw, sweet clover, lupin and farm- 
yard manure apparently acted both through their lignin content and 
through the synthesising action of microorganisms, since they increased 
the amounts of both N and methoxyl in humus. Mycelium of Polyporus 
contains a fraction possessing the properties of “humic acid,” rich in N, 
but devoid of methoxyl, which persists in the soil. 

As a general result the experiments show that the carbon : nitrogen 
ratio is a factor which exerts an influence on nitrification as profound 
as that of soil reaction, and that the less complete utilisation of farmyard 
manure nitrogen as compared with nitrogen in artificial fertilisers can 
to a large extent be explained hereby. 

The writer’s best thanks are due to Sir John Russell, D.Sc., F.R.S., 
for placing the facilities of the laboratories at his disposal ; to Mr H. G. 
Thornton, Head of the Bacteriology Department, for discussing the 
experimental data and reading the manuscript; to Dr R. A. Fisher, Head 
of the Statistical Department, for advice and assistance; and to Miss 
S. Heinze, mag. fib, and Mr G. V. Jacks, B.A., B.Sc., for assistance in 
carrying out the carbon and methoxyl determinations. 
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Among the free-living protozoa, excluding those forms which contain chlorophyll, 
two types of nutrition are found, holozoic and saprozoic; in the soil commonwealth 
there is an ample food supply for the saprozoic forms without reference to the other- 
members of the micro-organic population, but the holozoic species present a dif- 
ferent problem, since in the great majority of cases their food consists of the bacteria 
or other smaller organisms which occur with them in the soil solution. The idea that 
a normally holozoic animal might be induced to become saprozoic arose with the 
introduction of a suitable pure-culture technique. Among the earlier workers 
Beijerinck (1896), Frosch (1897) anc ^ Tsujitani (1898) all obtained “pure mixed 
cultures” of amoebae, and record their failure to grow these except in the presence 
of bacteria or yeasts, though Tsujitani was able to grow his amoebae with bacteria 
killed by heating them to 65° or 70° C. ; later Mouton (1902) records that an amoeba, 
a form obtained from soil, would not grow except in the presence of living bacteria, 
and Oehler (1916, 1924), who has perhaps worked more in this field than any other 
observer, has experienced great difficulty in obtaining any protozoan growth in 
cultures which do not contain bacteria or yeasts, either dead or alive, though suc- 
cessful growth was obtained in the case of Colpoda by feeding the culture with 
ground-up fish or powdered egg albumen. It further appears from Oehler’s work 
that, while the holozoic ciliates and flagellates are practically omnivorous provided 
that the food is supplied to them alive and of a suitable size, the amoebae tend to be 
very much more fastidious in their acceptance of food. All these writers seem to 
have been impressed by the enormous amount of bacterial food that a successful 
culture of protozoa can consume, and a quantitative study of this problem by Cutler 
and Crump (1924) showed that in the case of Colpidium colpoda in pure mixed 
culture the reproductive rate varied from 0*0 to 5*3 in 24 hours according as the 
number of bacteria per individual ciliate varied from 250 to 1,024,000; similar re- 
sults have been obtained by Vieweger (1923) 1 , (i 9 2 4 )- 

Ever since the study of soil protozoa received its initial impetus from the work 
of Russell and Hutchinson (1909) this group of organisms, and more especially the 

1 Although the interesting work of T. Vieweger was published in 1923 1 * ^ as on ^y recently come 
to our notice. 
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amoebae, have been under suspicion of preying upon the bacteria and seriously re- 
ducing their numbers, thus constituting a possible menace to soil fertility. It has 
been established that in soil the numbers of active amoebae to a very marked extent 
vary inversely with those of the bacteria (Cutler, Crump and Sandon, 1922) ; further, 
that the numbers of protozoa present in any soil increase directly with the increase 
of organic matter (Sandon, 1927), in other words, with the crude supply of bacterial 
food. It seemed desirable therefore to get more direct information concerning the 
relationship of these soil amoebae to their food supply by a study of their behaviour 
in pure mixed culture. For this purpose a small limax amoeba Hartmanella hyalina 
was used, since it is a ubiquitous soil form and one of the dominant amoebae in 
normal field soils. 

Methods. Pure mixed cultures of Hartmanella hyalina were obtained by the 
method which, with slight modifications, has been used by all earlier workers. 
A mixed culture of the amoeba is inoculated on to an agar plate either at one end of 
a streak of a pure culture of the desired bacteria or surrounded by a circle of them; 
after three or four days when the amoebae begin to appear at the other end of the 
streak or on the outside of the circle, a subculture is made in exactly the same way, 
and the process is repeated until the amoebae are obtained free from all but the 
requisite species of bacteria. The process can be facilitated and the number of con- 
taminating bacteria reduced by washing cysts of the amoebae with 2 per cent, 
hydrochloric acid (sp. gr. 1*15) or some other suitable reagent for several hours. 
With certain bacteria, such as B. prodigiosus and Azotohacter chroococcum, we have 
been entirely unsuccessful; Oehler (1916) also records a failure to grow his amoebae 
with B . prodigiosus on bouillon agar owing to the production of trimethylamin, but 
states that they grow successfully together on a plain 1 per cent, or 2 per cent. agar. 
In the case of Azotohacter it seems probable that the size and consistency of the 
bacteria make it difficult for the amoebae to ingest them, though Cutler and Bal 
(1926) record the ingestion of dead Azotohacter by the amoebae. 

The observations on the effect of food supply on Colpidium were carried out on 
mass cultures, but the same method is not applicable in the case of an amoeba, for 
it has been found impossible to obtain a good distribution of the animals in liquid 
culture owing to their tendency to crawl on the walls of the tube, concentrating in 
younger cultures just below the surface of the liquid in a band from which it is 
difficult to dislodge them. Single individuals were therefore isolated in ruled count- 
ing chambers covered with cover-glasses on which a drop of medium containing 
bacteria was suspended. The size of the drop was measured by the method detailed 
in an earlier paper (Cutler and Crump, 1923) and the amoebae could readily be 
counted under the low power of the microscope. In enumerating the bacteria, 
sample squares were counted and the assumption was made that the bacteria were 
uniformly distributed throughout the drop. If there was reason to believe that 
there was not this uniformity, even distribution was ensured by rotating the cover 
slip so as to mix the fluid before the bacteria were counted. The medium used in 
the experiments was soil extract prepared as follows : one kilogramme of soil was 
boiled for one-and-a-half hours with two litres of tap water and the mixture allowed 
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to settle, the supernatant fluid was poured off, made up to a litre, and filtered through 
two thicknesses of filter paper. The medium was then adjusted to a pW value of 7-2 
and sterilised by autoclaving for 20 minutes at 1 1 5 lb. pressure. This medium has 
proved most successful for all the soil protozoa which have been grown in it; it is, 
however, open to the serious objection that repeated sterilisation renders it toxic, 
at least to Hartnianella hyalina . It is unsafe therefore to autoclave it more than once 
or at the most twice. 



Fig. 1. Increase in mass of Hartmanella hyalina starting from a single specimen. 

For the measurement of the actual increase in protoplasm as distinct from the 
increase in numbers, a camera lucida was used ; ten drawings of the individual under 
observation being made as rapidly as possible on millimetre squared paper. The 
average number of squares in the ten outlines divided by the magnification gives 
the approximate area of the animal, and the thickness was regarded as 1 fi. This 
method of measurement gives fairly consistent results (Fig. 1) but discrepancies 
may be found when the animal is stationary, as it tends to be thicker than when 
actively moving; in consequence the drawings were always made of moving animals. 
At a very early stage in the investigation it was obvious that the amoebae grew more 
readily with certain bacteria than with others ; three species therefore were selected 
with which to obtain pure cultures, one giving extremely good growth, another poor 
growth, and a third — B. mycoides — which lay on the whole between the other two; 
all these species came originally from Rothamsted field soils. 

Description of bacteria. 

“YB.” Rods, I-6-2-0 fi x o-8/x, occasionally in pairs, non-motile, gram positive; 
colonies on nutrient agar — round, convex, buff, smooth shining, edge entire ; on Thornton's 
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medium: round umbonate, white, smooth shining, edge entire; nutrient agar stab: nail- 
head, line of stab filiform; liquefies gelatine. 

“SE.” Short rods i*6 x o-8/x, occasionally in pairs, non-motile, gram negative; 
colonies on nutrient agar : round convex, white, smooth shining, edge entire ; on Thornton’s 
medium: punctiform, white, convex, smooth shining, edge entire; nutrient agar stab: 
nailhead, line of stab filiform; does not liquefy gelatine. 

Experimental Results. For purposes of comparison with the reproductive rates 
of the amoebae the numbers of bacteria may be calculated in two ways, either the 
number present per unit area may be made the basis of comparison or the total 
number present in the whole drop ; in the first case the unit area being one square of 
the counting chamber, that is 0-0025 sq. mm. In the majority of cases either method 
of calculation would give the same results since in general the bacterial population 
is correlated with the size of the drop ; but cases do occur where the total numbers of 
bacteria are the same but on the one hand the drop size is large and the bacteria are 
sparsely distributed and on the other hand the drop size is small and the bacteria 
densely distributed. Hence in the present work both methods of presentation have 
been used. 


'Fable I. Reproductive rates of Hartmanella hyalina with 
three species of bacteria . 


Reproductive rate of amoeba for 24 hours from one individual 


No. of bacteria 
per square of 
0-0025 sq. mm. 
area 

With “ YB ” bacteria 

With B. 

mycoides 

With “SE” bacteria 

No. of 
cases 

Average 

No. of 
cases 

Average 

No. of 
cases 

Average 

0-12 

12 

27 

19 

i-8 

8 

06 

1 2 - -24 

32 

3'3 

55 

1 -6 

43 

o-8 

24-36 

37 

3*8 

49 

2-1 

44 

i-6 

36-48 

<>7 

37 

36 

2'4 

44 

20 

48-60 

ft 3 

3 '9 

25 

2-6 

22 

20 

60-72 

44 

4'2 

6 

2-4 

18 

24 

72-84 

22 

47 

— 



12 

2-6 

84-96 

19 


— 

— 

6 

3-0 

96-108 

12 

4'9 

— 

— 

1 

3'3 

108--120 

4 

49 


— 

— 

— 

120-132 

4 

S' 1 


— 

— 

— 


A further reason for adopting both methods is that the question of food supply is 
not necessarily identical in each case : for there can be no doubt but that when there 
is a small drop densely populated the food is more accessible to a relatively slow 
moving organism such as an amoeba, than when the volume of the drop is big and 
the bacteria widely separated. Discrepancies due to this effect are eliminated by 
adopting the unit area as the basis of comparison, but by using this method the total 
available food supply is ignored. In every case the number of bacteria given is the 
average between the number present at the beginning and at the end of the 24-hour 
period. The results obtained with the three bacterial types (ignoring the drop size) 
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are shown in Table I, from which it is obvious that there is a definite correlation be- 
tween the numbers of bacteria per unit area and the reproductive rate of the amoebae 
and, further, that the species “YB” induces considerably increased reproduction, 
the greatest rate in “ SE” being only slightly greater than the lowest rate in “ YB,” 
though the sizes of the bacteria are nearly the same. B. mycoides lies intermediately 
as a source of food, but this species is hardly comparable with the other two, since 
it tends to form chains during its growth, and therefore one “ mycoides” will not 
of necessity be equivalent to one “YB” or “SE.” The size of the total bacterial 
population and its effect on the rate of reproduction of the amoebae is given in 
Table II, where a gradual increase in rate corresponds to an increasing food supply. 
These results are of course in effect the same as those given in Table I, but they are 
of use in showing the actual number of bacteria required by each amoeba in order 
to give any particular rate of reproduction. 


Table II. Reproductive rates of amoebae for 24 hours from one animal . 


Total bacteria 
per amoeba 
in thousands 

“YB” 

bacteria 

B. mycoides 

“ SE” bacteria 

No. of 
cases 

Average 

No. of 
cases 

Average 

No. of | 
cases 

Average 

0-200 

9 

3‘2 

31 

17 

10 

07 

200 4OO 

25 

,V 4 

44 

i‘9 

24 

i '4 

O 

O 

O 

O 

-t* 

21 

41 

4 i 

21 

29 

i -4 

600-800 

19 

4’4 

21 

2*2 

26 

r 6 

SOO-IOOO 

25 

4’4 

12 

2-4 

29 

1 *8 

1000-1200 

15 

47 

6 

2 • 2 

18 

2‘I 

I 200 -I 400 

7 

48 

— 

— 

16 

2-4 

1400-1600 

3 

4-6 


— 

7 

2-5 

O 

O 

oc 

0 

0 

4 

5*1 

— 

— 

5 

2-Q 

1800-2000 


5-« 

— 

— 

3 

2 ‘8 

over 2000 

4 

1 4’b 



1 3 

2'3 


It was thought possible, though not likely, that, although the rate of reproduction 
was markedly different in the “ SE ” and “ YB ” types of feeding, yet the total volume 
of amoebic protoplasm produced would not be very different. To test this possi- 
bility the experiments on the rate of growth of amoebae were carried out. 

As is shown in Table III the “YB” bacteria gave a greater increase in volume 
than did the “ SE.” Unfortunately at the beginning of the experiment the numbers 
of bacteria in the “ YB ” culture were greater than in the “ SE,” while the amoeba in 
the “ YB” culture was smaller than in the “SE” one. However from 3.45 p.m. on- 
wards the bacterial populations were practically the same in the two cases, but the 
increase in the total volume of the amoebae present was 30 per cent, greater in the 
case of the “ YB ” culture. 

The effect of feeding was also well shown by a series of observations recorded in 
Table IV. Two parallel cultures were started, one of which was well fed with “ SE ” 
bacteria, while the other had only the bacteria supplied with the isolation fluid and 
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was therefore in a relatively starved condition. This animal steadily decreased in 
size and after 24 hours it had shrunk to only 83*5 /x 8 . At this point food was intro- 
duced with the result that after five hours the animal had divided into five and the 
total volume had been more than six times increased. The well-fed amoeba on the 
other hand showed a steady increase in volume throughout the experiment. 


Table III. Growth of Hartmanella hyalina with different bacteria. 




Fed with “ YB 



Fed with “ SE” 

Time of 
observation 

No. of 
amoebae 

Mass in /u. 3 

No. of 
bacteria per ! 
0-00025 mm. 3 

No. of 
amoebae 

Mass in /x 3 

No. of 
bacteria per 
0.00025 mm. 3 

Feb. 22 

10.15 a.m. 

1 

104-4 

16 

1 

1 . 35-2 

9 

12.15 p.m. 

1 

104-4 

21 

1 

124-0 

10 

2.15 p.m. 

1 

1344 

25 

1 

1324 

18 

345 P- m - 

1 

i68-8 

27 

1 

143-6 

23 

545 P-m. 

1 

1 58-0 

26 

1 

146-0 

32 

745 P-m. 

1 

182-8 

36 

2 

178-8 

39 

Feb. 23 

745 a.m. 

8 

1496-0 

56 

5 

758-8 

62 


Table IV. The effect of starvation and feeding on mass in Hartmanella hyalina. 



Unfed 


Fed 

Time of observation 

No. of 
amoebae 

Mass in /i 3 

No. of 
amoebae 

Mass in /U 

10.30 a.m. 

1 

2487 

1 

1594 

ii. 3 ° >> 

1 

246-0 

1 

185-7 

12.30 p.m. 

1 

222*0 

1 

210-6 

2 ,, 

1 

177-8 

1 

234- 1 

3 

1 

200-8 

1 

266-5 

4 

1 

185-2 

1 

226-7 

5 

1 

156-0 

1 

288-0 

6 ,, 

1 

162-2 

1 

272-5 

7 

1 

201*3 

— 

— 

8 ,, 

1 

204-3 

2 

3643 

9 

1 

179-7 

2 

395 i 

9-30 a.m. 

1 

] 434 

5 

895-2 

*10.30 „ 

1 

83-5 

— 

— 

11-30 

1 

1592 

5 

901-6 

12.30 p.m. 

1 

1928 

• — 



2.30 ,, 

4 

4654 

— 

— 

3-30 „ 

5 

5617 

— 

— 


* The culture was well fed after this observation was made. 


Earlier work with the ciliate Colpidium colpoda gave a similar demonstration of 
the effect of food upon starved organisms. In Fig. 2 line drawings, each of 20 indi- 
vidual Colpidia taken at random are shown. The small organisms were taken from 
a starved culture, which on being fed contained within 24 hours animals similar to 
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the large ones seen in the drawing. Further the experiments on growth in mass show 
that the rate of growth is very variable after feeding, the starved animal having a 
much more rapid percentage increase in size per hour than is seen in the progress 
of a consistently well-fed animal. In comparing the effects of feeding either in 
respect to the species of bacterium used or to the quantity of food available it is 
found that the size at which the amoebae divide varies within wide limits, but is 
connected with both these conditions. For example amoebae well fed with “YB” 
bacteria on the average divide at 274*o/x 3 : while those sparsely fed with the same 
species divide at 1 9 1 *6/x 3 . Using “ SE ” as the source of food well-fed animals divide 
at I90-0/4 3 . 



Fig. 2. Twenty individuals of Colpidium colpoda taken at random from a starved culture and 
from the same c ulture 24 hours later after heavy feeding with bacteria £ 250]. 


There are several records of differential feeding effects in amoebae and other 
protozoa. Frosch (1897) found that when he inoculated bacteria-free cysts of 
amoebae into pure cultures of various species of bacteria from soil he obtained very 
different degrees of growth. Tsujitani (1898) grew his amoebae successfully with 
a variety of bacteria, including roll, fluorescent liquefaciens and non-liquefaciens , 
Staphyloccus pyogenes aureus, pyocyaneus, typhus and cholera, but was unable to 
make them grow with anthrax bacilli or with yeasts. Mouton (1902) also found that 
B. anthracis gave poor cultures of amoebae, and records that B. coli communis , 
Staphylococcus aureus , the cholera bacillus and one or two other forms were suitable 
for his amoebae, as was a small yeast, Saccharomyces exiguus. Hargitt and Fray 
(1917), working with Paramecium aurelia , found that on the whole single species of 
bacteria did not give satisfactory cultures, while a mixed flora was successful, 
B. suhtilis being the only bacterial species which gave good results in pure culture; 
Phillips (1922), working on the same lines and using three different bacteria, showed 
that alone these gave different degrees of growth, and in every case a mixture pro- 
vided a more suitable food supply than did any single species. 

Oehler (1916), in reviewing the subject, asserts that, on the whole, gram- 
negative bacteria are more readily eaten by amoebae than are the gram-positive 
species. Working with five distinct species of amoebae the following interesting 
feeding peculiarities were observed: two of his forms would eat Saccharomyces 
exiquus, while the other three would not; two of them would eat colt , Sarcina and 
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yeasts that had been autoclaved at 130° C. for an hour, while the other three scarcely 
grew at all under these conditions. One of these three would however readily accept 
coli killed at a temperature of 56° C. for one-and-a-half hours, and another would 
grow with Bacterium fluorescens killed by heating to 45 0 C. for one-and-a-half hours ; 
the fifth species refused all these. 

These different results obtained with different bacteria may be due to any of 
four causes : a species may be of a superior food value, or more suited to the digestive 
processes of the consumer, or possessed of toxic properties which inhibit growth, 
or of such a structure that for physical reasons it cannot readily be ingested. To 
decide between the first and second of these alternatives is by no means simple, but 
the third is obviously accessible to experimental attack. “SE” bacteria and B. 
mycoides were therefore grown in liquid cultures in soil extract medium, and on 
successive days 20 c.c. were taken from the mass cultures and filtered through 
porcelain candles; the filtrate was then diluted with an equal quantity of sterile, 
fresh soil extract and amoebae were isolated into the fluid in counting chambers in 
the usual way and fed with “YB” bacteria. The results of these experiments are 
given in Table V which shows that when extracts from a young culture are used 
there is no difference between the control and the treated cultures, but that the 
extracts from older cultures of “ SE” bacteria have a bad effect. The same thing also 
occurs when extracts from an old culture of “YB” bacteria are used where no 
question of the bacteria having toxic properties can arise, therefore it appears that 
the inhibiting factor present in the older cultures of “ SE ” bacteria is due to extrinsic 
and not to any intrinsic properties of the bacteria themselves. 


'fable V. Effect of bacterial extracts on reproduction of amoebae. 

Reproductive rates of amoebae for 24 hours all fed with “ YB” bacteria 


Control 

Extract 

T ype of extract 

No. of cases 

Average 

No. of cases 

Average 

9 


10 

4*2 

B. mycoides (2 days old) 

12 

3'8 

12 

3*7 

„ (3 days old) 

15 

50 

14 

4*9 

“SE” bacteria (1 day old) 

H 

i*9 

12 

i*8 

„ (2 days old)* 

12 

2*2 

13 

| 1*9 

„ (3 days old)* 

13 

4*4 

14 

3*1 

„ (4 days old) 

1 1 

4-2 

1 1 

3*6 

„ (5 days old) 


# These cultures were incubated at 15 C. instead of 21 0 C. 


Owing to the methods of counting employed in soil investigations it is difficult 
directly to apply the results outlined above to soil economy. Enumeration must be 
done in an indirect way and even when such a count is made it is incomplete since 
no one medium supports the whole bacterial population. Ammonifying species of 
bacteria predominate in these counts and many important species do not appear at 
all. Under these conditions it would not be likely that any direct ratio such as was 
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found in the fluid-culture experiments would emerge; but by employing only 
species of bacteria capable of growing on the culture medium used comparable 
results may be obtained. An experiment designed for other purposes, in which sand 
was inoculated in one case with “YB” bacteria and Ilartmanella and in the other 
case with “ SE ” bacteria and Ilartmanella , gave results which could be used in this 
connection. In Table VI the rates of reproduction of the amoebae are set out 
against the numbers of bacteria per amoeba. It is found that the rate of reproduction 
is consistently lower than it is in liquid cultures containing the same bacterial 
ratio, but that the correlation between reproductive rate and food supply still holds 
good, together with the lower food value of the “SE” bacteria. 

Table VI. Reproductive rates of Hartmanella hyalina in sand cultures. 


Successive days 

Bacterial ratio 

Reproductive rate 

With “YB” bacteria 

1 

1,800,000 

3-0 

2 

124,000 

°’5 

3 

34,000 

o-o 

4 

190,000 

o-5 

5 

127,000 

0*0 

6 

250,000 

00 

7 

260,000 

2-5 

With “ SE ” bacteria 

1 

14,000,000 

20 

2 

4,000,000 

i '5 

3 

1,300,000 

00 

4 

3,900,000 

10 

5 

1,700,000 

ro 

6 

490,000 

00 

7 

1,000,000 

05 


The lower rate of reproduction in soil or sand cultures would, however, be 
expected since the distribution of the food supply is such as to render it less available 
than in the liquid cultures used for the experiments. Here the bacteria are uni- 
formly distributed and the whole of the liquid is accessible to the amoebae; in the 
soil on the other hand the bacteria are irregularly distributed through the film of 
water surrounding the soil particles and the amoeba is confined to the surface of the 
particles and not free to wander through the water film. 

The figures in Table VI give some idea of the rapid changes that occur in the 
distribution of protoplasm among the constituent groups of the soil micro-organisms. 
For example, in the sand containing “ YB ” bacteria and amoebae, where on one day 
there are 7600 active amoebae, the 11,000 found on the next day represent a con- 
sumption of 1,444,000 bacteria. This figure is obtained by assuming that 0*5 divi- 
sion requires 190,000 bacteria per amoeba and therefore that 7600 amoebae will 
need the number of bacteria given above. An actual count of the bacterial numbers 
on the successive days showed a reduction of i,i34> 000 bacteria, which is in keeping 
with the calculated result. When- it is remembered that the bacteria are undergoing 
rapid divisions the large bacterial numbers required to keep up the protozoan 
population are not so unreasonable as might at first appear to be the case. 
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Where “ SE ” bacteria are the only available forms the number required to main- 
tain the same sized amoebic populations as occur with “YB” bacteria is of course 
even greater. An increase of 400 amoebae to 600 (0*5 division) requires 480,000 
bacteria; but if the numbers of amoebae had been 7600 as in the previous case, and 
had risen to 11,000, the bacterial consumption would have been 798,000,000,000. 
Interestingly enough, in our experience the numbers of amoebae have never risen 
above 900 when “SE” bacteria have been the sole source of food. 



0*12 24-36 46-60 72-54 96-108 120-132 

)2-24 36-45 60-72 84-96 106-120 

Nos. op bacUrux uv 0-00025 rtimA 


Fitf. 3 - 

These results also have a bearing on the curious daily changes of the amoebic 
population which were recorded in a previous paper (Cutler, Crump and Sandon, 
1922). It was found over a year’s examination of soil samples taken daily from the 
field that both the numbers of bacteria and amoebae showed large fluctuations. The 
bacterial changes in numbers showed an inverse relationship with the amoebae, but 
the changes in the numbers of amoebae were inexplicable, as gross external con- 
ditions (rainfall, temperature, water content) taken alone had no effect upon them. 

If, however, one assumes that the bacterial population undergoes changes similar 
to those found in plankton, in its constituent species as well as in numbers, an 
assumption for which there is much evidence — and that the feeding values of the 
various species are as different as is the case with the soil forms “YB” and “SE,” 
then it must follow that the size of the amoebic population must also undergo rapid 
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changes. For when a species like “ YB ” is in the ascendancy the numbers of amoebae 
will rapidly increase, but a change to the “ SE ” type of bacteria will cause the death 
of many amoebae unless the numbers of bacteria increase to a figure higher than 
is associated with normal soils. 


SUMMARY. 

1. A definite relationship between the reproductive rate of a soil amoeba 
liartmanella hyatina, and the available bacterial food supply has been demon- 
strated. 

2. It has been shown that three species of soil bacteria have different feeding 
values not only in respect to the rate of division of the amoeba, but also in respect to 
the total increase in the amount of protoplasm. 

3. The bearing of these results on the soil economy is discussed. 
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In 1916 Kopeloff, Lint and Coleman (7) concluded their excellent and ex- 
haustive review of past work on soil protozoology with the remark that it was 
a science still in its infancy. Since then much has been done to place our 
knowledge of these organisms and of their activities in the soil on a firmer 
basis, but, in spite of this, considerable differences of opinion still exist on the 
fundamental question of their significance in the economy of the soil. On the 
one hand, data have been accumulating at Rothamsted demonstrating that 
protozoa occur in the local soils in considerably greater numbers than was 
formerly believed, and that they are capable of playing a significant r61e in soil 
processes (3, 4, 9). On the other hand, counts made by R. V. Allison (2) of 
protozoa in some samples of American soils gave very low figures, and caused 
him to admit that they “might be regarded, in a general way, as supporting 
the counter-protozoa theory.” The samples he used, however, had been stored 
for some time before the counts were made and he therefore added that “un- 
til careful studies of freshly sampled soils are made .... all conclusions 
drawn in this connection must be regarded as distinctly tentative.” 

With a view to reconciling, if possible, these rather conflicting points of view, 
a detailed examination of various American soils was made, the primary object 
being to determine to what extent the protozoa in them are either numerically 
or qualitatively comparable with those found in English soils. 

The greater part of the work was done at the New Jersey Experiment Station 
where attention was directed mainly to the experimental agronomy plots 
(table 1). Counts of protozoa were made by Cutler’s dilution method (3, 11), 
and bacteria, actinomyces, and fungi were counted by the plate method using 
the media recommended by Waksman and Fred (12). The samples used were 
all composite ones from a series of 6-inch borings. In all the plots wide differ- 

1 Now in the department of general microbiology, Rothamsted Experimental Station. 

The work recorded in this paper was done under the auspices of the International Educa- 
tion Board. The author wishes to express his indebtedness to the Board and also to Dr. 
Lipman and the staff of the New Jersey Agricultural Experiment Station and especially to Dr. 
Waksman for much kindness and help. His cordial thanks are also due to Dr. Greaves and 
other members of the staff of the Utah State Agricultural Experiment Station for their 
hospitality to him while working at Logan. 

* This paper is part of a thesis submitted in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy at Rutgers University. 
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TABLE 1 

Results of examination of soils from the Experiment Station Farm , New Brunswick , N. J. 
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II 

0 

0 

0 

0 

0 

0 

Few 

0 

Few 

0 

0 

0 

Few 

CILIATES 

0 

0 

25 

15 

<28,770 

135 

110 

<186 

104 

160 

172 

98 

263 

s 

1 

165 

222 

938 

1,010 

28,770 

13.600 

44,000 

125,000 

18.600 
>220,000 

46,600 

10,785 

81,495 

FLAGELLATES 

121 

196 

770 

719 

<115,000 

2,600 

2,600 

<222,000 

1,750 

900 

17,700 

10,785 

4,795 

FUNGI 

89,000 

28.400 

12,184 

17,344 

44.800 

17.400 

28.800 

46.400 
177,200 

8,543 

58,013 

ACTI- 

NOMY- 

CES 

millions 

0.8 

3.3 

2.7 

3.3 

3.8 
8.1 

1.7 
7.5 

7.7 

8.4 

5.4 

7.7 

10.4 

63 

millions 

2.8 

6.4 

4.7 

6.6 

12.3 

4.4 
4.2 

3.9 

13.5 

23.5 

36.5 

W 

Percent 

8.0 

9.9 

11.0 

11.3 

12.8 

16.6 

23.2 

17.5 

15.25 

16.9 

w 

a. 

5.3 

7.0 

6.8 

6.9 

5.2 

TOTAL N 

Per cent 

0.074 

0.080 

0.074 

0.128 

0.134 

CROP* 

YIELD 

pounds 

3,881 

8,689 

18,599 

19,033 

21,812 

DATE 

September 

September 

October 

October! 

November 

January! 

March 2 

March 25-28§ 

January! 

March 2 

March 25-28§ 

April§ 

April§ 

H 

35 

ft 

No manure, unlimedt 

No manure, limed f 

Minerals NaNO* (16 
pounds), limed f 

Complete minerals -f 
cow manure (1600 
pounds) annu- 
ally, limed 

Same as 5B, but 
unlimed 

Alfalfa 

Fallow after com 

SOIL 

7A 

7B 

9B 

5B 

5A 

Penn 

loam 


* Total dry matter 1918-1922. 
f Average of 4. 
t Average of 2. 

5 Average of 3. 
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ences occurred in the numbers of all the groups of organisms at different times 
of the year similar to those found in the course of the Rothamsted counts of 
1920-21 (3), where the changes have been shown to occur simultaneously in 
various parts of a field and therefore not to be due simply to sampling errors. 
Thus in plot 5B (receiving cow manure, and minerals annually, with occasional 
liming) the average of two counts made in October, 1925, was 700 flagellates, 
1,000 amoebae, and 15 ciliates per gram, numbers which are slightly lower even 
than those obtained by Allison for the same soil. On the basis of these figures 
a series of dilutions was selected for making a count the next month. These 
were found to be totally inadequate, flagellates occurring in all the cultures, 
even those made from the highest dilutions. No estimate, therefore, could 
be made of their numbers except that they must have exceeded 115,000 per 
gram. The amoebae were about 28,770 and the number of ciliates, though 
the exact figures were uncertain, was even greater. At the same time the 
bacteria rose from 6.6 million to 12.3 million and the fungi from 17,300 to 44,800 
whereas the actinomyces rose slightly from 3.3 to 3.8 million. The number 
of ciliates was most remarkable and was never again approached. 

In view of the strange effects of the freezing of soil on its bacterial flora, which 
have been recorded from time to time, and the paucity of information as to 
the effect of frost on protozoal numbers, counts were made on this plot at 
intervals throughout the winter. The average of two counts made in January, 
1926, at a time when the soil was frozen so hard that the sample had to be taken 
with a hammer and chisel, gave 2,600 flagellates, 13,600 amoebae, and 135 
ciliates. All of these figures are considerably higher than those obtained in 
October. The number of fungi was practically unchanged (17,400), but that 
of the actinomyces was remarkable, being 8.1 millions per gram as compared 
with 4.4 million bacteria. This result is particularly unexpected since Loch- 
head (8) not only did not obtain any increase in the numbers of actinomyces 
in frozen soils at Ottawa, but showed further that their optimum temperature 
is higher than that of the majority of soil bacteria. It is possible therefore that 
the higher figures obtained in the present work are the result simply of greater 
fragmentation of the actinomyces and do not indicate any real increase in 
numbers. Waksman (10) gives no record of the numbers of actinomyces 
found in the course of his investigation of the seasonal changes in bacterial 
numbers in the New Jersey soils. Lochhead also recorded a slight depression 
in protozoal numbers during freezing, which again is contrary to what was 
found in the present investigation. Such differences may be due to the addi- 
tional severity and length of the Canadian winter, but, in view of the wide 
margin of error in all counts of soil organisms, far more counts than have yet 
been made are required before we are justified in claiming finality for any con- 
clusions on such matters. 

On keeping one of these samples in the laboratory at room temperature for 
3 days, big increases in numbers of all the organisms except the actinomyces 
occurred. Flagellates and amoebae both increased to more than 220,000 per 
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gram; ciliates to 2,280; bacteria to 15 million; and fungi to 46,400, whereas 
actinomyces fell to 5 million. 

By the beginning of March the soil had thawed to a depth of a few inches 
and counts made of a sample of this thawed soil showed little change as com- 
pared with the completely frozen soil. This sample was afterwards dried in 
the laboratory for 24 hours at 32°C. and a second count then made, but even 
this treatment led to little alteration in protozoal numbers though the bacteria 
rose from 4.2 to 14.5 million and the actinomyces from 1.7 to 5.5 million. 

Finally three counts were ( made at the end of March when the soil was com- 
pletely thawed. The bacterial and fungal counts were unfortunately lost but 
all the groups of protozoa showed a big increase, the flagellates averaging some- 
thing over 220,000; amoebae, 125,000; and theciliates not fewer than 186 per 
gram. 

These winter counts were paralleled with samples from the correspond- 
ing unlimed plot 5A with very similar results, except that the count made at 
the beginning of the thaw (March 2) yielded extraordinarily high numbers 
(>220,000) of amoebae. 

Thus, so far as it is safe to draw conclusions from so few observations, it 
appears that severe frost does not diminish the protozoal population, and subse- 
quent thawing acts as a stimulus to multiplication. 

A few counts were made of other plots. Plots 7 A (unlimed) and 7B (limed) 
which have received no manure or fertilizer since 1908 were very poor in proto- 
zoa and on the average of 4 counts the limed plot showed a slight advantage in 
numbers of protozoa when compared with the unlimed plot, corresponding to 
its greater bacterial flora. Plot 9B, receiving complete artificial fertilizers 
(nitrogen as NaNOa) contained a fauna and flora differing very little from the 
corresponding plot 5B in which the nitrogen had been added in the form of 
farm-yard manure and in which consequently much organic matter was present. 
These counts were made in October and, as already mentioned, those from 
5B proved exceptionally low; consequently it is not possible to say whether 
this close similarity would persist throughout the year. 

With the exception of the counts made just after the thaw, all the figures 
obtained were considerably lower than those found in the corresponding plots 
at Rothamsted. This doubtless corresponds to the much lower bacterial 
figures. Samples taken of adjacent plots of a different type of soil (Penn 
loam) on the same farm, however, gave figures for both bacteria and protozoa 
of the same order as those found at Rothamsted. 

In ordtfr to compare some soils where conditions differ more widely from those 
in England than do those in New Jersey, single counts were made of bacteria 
and protozoa in a number of soils from the neighborhood of the experiment 
station at Logan, Utah (table 2). In order to secure as many protozoal counts 
as possible within 6 weeks, an abbreviated series of dilutions was used, in which 
each soil suspension contained one-fourth instead of one-half the amount of soil 
in the preceding one. The number of cultures made was thus much reduced 
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at a sacrifice of accuracy, the significance of the result being only 1/5 (i.e. a 
count of 10,000 organisms indicating only that the actual number lies some- 
where between 2,000 and 50,000). 

The irrigated sugar beet plots of the experiment station farm (of which 
4 were examined) yielded a fair number of protozoa. The plot receiving 
manure equivalent to 30 tons per acre annually, contained considerably more 
organisms than the unmanured plots, and though the plot receiving an even 
heavier dressing (40 tons) of manure showed slightly lower figures, the differ- 
ence is not significant. 

Two samples of dry farm soil were taken (one under wheat stubble and the 
other fallow). The moisture content was only about 3 per cent in each of 
these and the protozoa were apparently all encysted. Flagellates and ciliates 
were very few, but the amoebae reached several thousand per gram in each 
sample. 

A number of samples were taken of alkaline soils both from the field and from 
pots. Numbers both of bacteria and of protozoa were low, and the amoebae 
were invariably more numerous than the flagellates. It seemed possible, how- 
ever, that the organisms in such soils had become adapted to very abnormal 
conditions and that consequently the neutral nutrient agar used as culture 
medium for the counts was not suitable for their development. In three 
cases, therefore, a duplicate count was made using agar to which no nutrients 
or salts had been added but in which soil or soil extract from the same sample as 
that being counted was incorporated. In all three cases the counts obtained 
with this medium were very much greater than those obtained with the ordi- 
nary agar. The numbers obtained from such abnormal soils with ordinary 
agar, therefore, do not give a true account of the soil fauna, and even for 
more normal soils the soil agar is probably preferable, especially in view of the 
ease with which it can be prepared. Fran^ois-Perey (6), working in France, 
also obtained higher counts with a soil extract medium than with a meat ex- 
tract agar. 

Thus it appears that some degree of protozoal activity occurs in all these 
soils. In the very dry soils activity apparently ceases, but doubtless is resumed 
after rain. In alkaline soils numbers are also much reduced, particularly 
where the principal salt is carbonate (“black alkali”)* The numbers are, 
however, much greater than would be expected if the protozoa were incapable 
of any activity but were limited to cysts brought in by the wind. In view of 
the fact that in artificial media many of the soil protozoa can live at very high 
degrees of alkalinity it seems probable that a little activity persists in all these 
soils, at any rate after rain when the osmotic pressure is somewhat reduced 
and some amount of leaching has taken place from the surface. 

The nitrogen content of most of these soils, however, was found to be ex- 
ceptionally high (table 2). This suggests the presence of an amount of organic 
matter which would normally be expected to provide the nidus for a micro- 
flora and fauna far greater than that actually found. This is true not only of 
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Results of examination of soils from Cache Valley , 
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Pasture 0.05 COjandCl About 9.0 
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the alkaline soils but also of the manured plots on Greenville Farm; conse- 
quently it appears probable that not only the salts, but other factors such as 
soil temperature and moisture, limit the microbiological development in this 
area. 

The part played by the protozoa in the economy of the soil does not, however, 
depend only on the total number present but is probably considerably influ- 
enced also by the species which make up this total; for, scanty as is our knowl- 
edge of their physiology and nutrition, there is considerable evidence of the 
existence of wide differences in these respects not only between the three main 
classes (flagellates, rhizopods, and ciliates) but also between the different 
genera and species within these classes. 

Thus the exceptionally high figures obtained in the November count of 
plot 5B at New Brunswick were due entirely to the great development of three 
species — the flagellate Cercomonas sp., a “Umax” amoeba, and the ciliate Col - 
poda steinii — other forms being almost entirely absent. This doubtless points 
to very different conditions from those which occur in normal heavily manured 
soils in which large numbers of protozoa are associated with a rich variety of 
forms. 

A valuable quahtative survey of the protozoa in New Jersey soils was pub- 
lished by Fellers and Allison in 1920 (5) of which the present results as to the 
nature of the organisms present in those soils are largely a confirmation. 

On the whole, the fauna both of the New Brunswick and of the Utah soils re- 
semble closely those of the Rothamsted soils. Unfavorable conditions seem to 
affect the flagellates more than the amoebae, since, although in soils where 
protozoa are abundant it is the flagellates which preponderate, among the soils 
examined in the present investigation it was found that, where the total popu- 
lation is small, the flagellates are generally exceeded by the amoebae. 

The most interesting differences occurred in the amoebae. At the time of 
their investigation, Fellers and Allison found Naegleria gruberi (Schardinger) 
Wilson to be by far the most abundant of the soil amoebae. The same was true 
in the soils at Rothamsted in 1920-21, but more recently this species has been 
there almost completely replaced by another “Umax” amoebae Hartmanella 
hyalina Alexeieff. Both at New Brunswick and at Logan, however, these forms 
were found to be outnumbered by others at present not fully identified. The 
most abundant species at New Brunswick were very similar in appearance and 
movements to Hartmanella hyalina though on the average slightly larger. On 
the addition of sterile water to a culture, however, flagellate forms are produced 
as in Naegleria but distinguished by the possession of only a single flagellum 
(pi. 1., figs. 1, 2). It accordingly belongs to the genus Hyperamoeba (see 
appendix). 

One of the amoebae found commonly at Logan was at first mistaken for this, 
since both the active amoebic form and the cyst were indistinguishable. As 
all attempts to obtain a flagellate form failed, this species is provisionally re- 
ferred to in table 3 as “sp. C.” 
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TABLE 3 

Occurrence of various flagellates, rhizopods and ciliates in the soils tested * 


Flagellata 

Cercomonas sp 

Cercobodo agUis Moroff 

Cercobodo vibrans Sandon 

Helkesimastix faecicola Woodcock and 

Lapage 

Monosiga ovata Kent 

Pholonsterium solitarium Sandon 

Bodo edax Klebs 

Bodo saltans Ehrbg 

Bodo sp. (?) 

Heteromita spp 

Phyllomitus sp 

Spiromonas angusta (Duj) 

Sainouron mikroteron Sandon 

Allantion tachyploon Sandon 

Prole ptonionas faecicola Woodcock 

Spongomonas sp 

Tctramitus rostratus Pcrty 

Tetramitus spiralis Goodey 

Oikomonas termo (Ehrbg) Martin 

Monas sp 

Scytomonas pusillo Stein 

Anisonema minus Sandon 

A lias di plophysa Sandon 

Dimastigella trypaniformis n. gen., n.sp. . 
Unidentified spp 

Rhizopoda 

Hartmanella hyalina (Dangeard) 

Alexeieff 

Naegleria gr uber i (Schardinger) Wilson. . 

Hyperamoeba sp 

Amoeba Umax. sp. C 

Amoeba Umax. sp. D 

Amoeba guttula Duj 

Amoeba verrucosa Ehrbg 


5 A (9/9), 5B(13/13), 7A(5/5), 7B(5/5), 9B(2/2), 
P.a.(3/3), P.c.(3/3), 1, 2, 3, 4, D.f., Al, A2, 
R, 86 
?5A(l/9) 

?5B(1/13), ?7A(l/5), 7B(l/5) 

9B(l/2) 

5B(2/13), P.a.(l/3), P.c.(l/3) 

5A(l/9), 5B(3/13), 7A(2/5), 7B(2/5), 9B(l/2), 
P.a.(l/3) 

7A(2/5), 7B(3/5) 

5A(l/9), 5B(5/13), ?P.c.(l/3) 

5A(3/9), 5B(8/13), 7A(3/5), 7B(l/5), P.a.(3/3), 
P.c.(3/3), B2 

5A(7/9), 5B(7/13), 7A(5/5), 7B(4/5), 9B(2/2), 
P.a.(l/3), P.c.(3/3), 3, D.f., Al, A2, R, Bl, 
B2, 85, 86, 97,98,110 
?R, ?B2 

5A(?2/4), 5B(?2/13), 7B(2/5) 

5A(l/9), 5B(6/13), 9B(2/2), P.a.(l/3), P.c.(2/3) 
3, 4, R, B2 

5 A (5/9), 5B(7/13), 7A(l/5), P.c.(l/3), 1, 3, 
D.f., R, Bl 

5A(4/9), 5B(7/13), 7B(l/5), 9B(l/2), P.c.(l/3) 
5 A (4/9), 5B(1/13), P.c.(l/3), 3, 4, D.f. 
5B(1/13), P.c.(?l/3), ?98 
5B(1/13), 7A(2/5), 7B(3/5) 

5A(9/9), 5B(10/13), 7A(l/5), 9B(l/2),P.a.(3/3), 
P.c. (3/3) 1, 2, 3, 4, D.f., A2, R, B2 
5A(l/9), R 

5B(4/13), 7A(l/5), 7B(2/5), 9B(l/2), P.a.(l/3) 
5A(l/9) 

5A(7/9), 5B(7/9), 9B(l/2), P.c.(2/3) 

5A(7/9), 5B(7/12), P.a.(3/3), P.c.(3/3), 3, 4 
1, 2, 3, 4(2 spp.), D.st., D.f.(2 spp.), Al(2 spp.), 
R (3 spp.), B2 


5 A (8/9), 5B(12/13), 7A(5/5), 7B(5/5), 9B(2/2), 
P.a .(3/3), P.c. (3/3), 1, 2, 3, 4, R, B2, ?98 
5A(4/9), 5B(5/13), P.a.(3/3), P.c.(3/3), A2 
5A(9/9), 5B(9/13), P.a.(3/3), P.c.(3/3) 

1, 2, 3, 4, D.st., D.f., Al, A2, R, Bl, B2, 85, 86, 

97, 98, 104, 110, (i.e., every Utah soil ex- 
amined) 

1, 2, 3, 4, D.st. D.F., Al, A2, R, E2, 85, 86, 97, 

98, 104, 110, (i.e., every Utah soil except Bl) 
5B(?1/13), 1 

5B(?2/13), ?3, 4, Al, R 
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TABLE 3— continued 


Amoeba diploidea Hartmann and Nagler 

Amoeba striata Penard 

Amoeba proteus Pallas (Leidy) 

Amoeba albida N&gler 

Amoeba u radios a" 

Amoeba sp 

Biomyxa vagans Leidy 

Arachnula impatiens Cienkowsky 

Gephyramoeba delicatida Goodey 

Nuclear ia sp 

Actinophrys sp 

Difflugia globida (Ehrbg) 

Euglypha sp 

Trinema lineare Penard 

Microgromia sp 

Lecythium hyalinum Hertwig and Lesser 
( = Chlamydophrys stercoreum) 

Ciliata 

Holophrya sp 

Enchelys sp 

Prorodon sp 

Chilodon sp 

Trochila sp 

Glaucoma sp 

Colpidium sp 

Colpoda cucullus (O.F.M.) 

Colpoda maupasii Enriques 

Colpoda steinii Maupas 

Cydidium sp 

Balantiophorus elongatus SchewiakofT . . . 
Balantiophorus minutus Schewiakoff. . . . 
Balantiophorus sp. (probably either B. 

elongatus or B. minutus) 

Holotrichous sp. (unidentified) 

Halteria sp 

Ur ole plus sp 

Onychodromus sp 

Gonostomum affine (Stein) 

Oxytricha sp 

Pleurotricha sp 

llypotrichous sp. (unidentified) 

Vorticella microstoma Ehrbg 


5A(l/9), 5B(6/13), 7A(2/5), P.c.(2/3) 
?P.a.(l/3), ?P.c.(l/3) 

5B(2/13) 

5B(2/13) 

3, R 

5A(l/9), 5B(2/13), 7A(2/5) 

5A(l/9), 5B(2/13), P.c.(l/3) 

2 

5B(1/13) 

5A(l/9), 5B(4/13), P.a.(2/3), P.c.(2/3), 1, 3, 4, 
Al, R, B2 
5B(2/13) 

5B(1/13), R 
5B(2/13), 4 
5A(2/9), 5B(2/13) 

5B(5/13), P.a.(2/3), P.c.(3/3), 3 

.5B12/13), 9B(l/2), P.a.(l/3), P.c.(l/3) 


5B(1 / 13) , 1, 2, 3, 4, A2 
P.c.(l/3), A2, R 

R 

5B(1/13), P.c.(l/3) 

?5A(l/9), 5B( 1/13) 

?5B(1/13) 

?5B(2/13), P.c.(2/3), ?R 
5A(8/9), 5B(7/13), P.a.(l/3), P.c.(3/3), 4, D.f., 
?A1, A2, R 
4, D.f., ?R, ?B2 

5A(8/9), 5B(12/13), 7B(l/5), 9B(l/2), P.a.(3/3) 
P.c.(3/3), 2, 3, 4, D.f., Al, R, Bl, 98 
A2, R 

5 A (6/9), 5B(11/13), P.a.(2/3), P.c.(3/3), 4 
?5B(1/13), 4 


1, 2, 3, D.st., Al, Bl, 86, 97, 98, 104 
5B(2/13) 

R 

5B(1/13), R 
?A2, ?R 
?1, R 
5B(1/13) 

?5B(1/13) 

5 A (4/9), 5B(3/13), 3, 4 
5B(1/13), P. st. (1/3), A2, R 


* The symbols following each name indicates the soils in which that organism was found. 
The symbols are the same as those used in the previous tables with the further abbreviations 
P.a. = Penn loam alfalfa, P.c. = Penn loam com, D.st. = dry farm stubble, D.f. = dry farm 
fallow. 

Where more than one sample was taken of any plot the number of samples in which the 
species was found is indicated by the fraction in parenthesis, thus Monosiga ovata, 5B(2/12) 
means that this organism was found in 2 out of 12 samples from plot 5B. 



PROTOZOA OF SOME AMERICAN SOILS 


117 


The other common species at Logan (referred to as “sp. D”) also gave no 
flagellate form and had a smooth, thin-walled cyst like that of Naegleria but 
without any pores. 

Among the flagellates the most striking feature was the relative scarcity of 
Heteromita sp. and Oikomonas ter mo (two of the most widely distributed and 
generally most numerous of all soil flagellates) in the New Brunswick soils. 
An interesting new flagellate Dimastigamoeba trypaniformis was found in both 
places (see appendix). 

In brief, therefore, these investigations indicate that the protozoan fauna is 
very similar in all soils: the forms present are very similar even in widely differ- 
ing soils and the numbers are roughly related to the bacterial numbers. In a 
soil in which the bacterial numbers (as counted by the plate method) are of the 
order of 5 millions per gram, the protozoa can usually be estimated in hundreds. 
Where the bacteria number 10 to 20 millions the protozoa can be reckoned in 
thousands or tens of thousands, whereas corresponding to bacterial counts of 
40 or 50 millions, the protozoa may be expected to reach several hundred 
thousand per gram or even to exceed a million. These numbers are naturally 
very approximate but are probably minimal ones, for whatever errors there are 
in the dilution method of counting would tend to make the figure obtained too 
small rather than too large, and the surprising results obtained by using a soil 
medium in place of the ordinary nutrient agar in making the counts with the 
alkaline soils suggests that modifications in technique may reveal a larger 
population in all soils than has yet been found. 

APPENDIX 

Hyperamoeba sp. In appearance and movements the amoeba is very similar to Hart - 
marietta hyatina Alexeieff, but on the average it is slightly larger than the latter species. The 
flagellate form (readily obtained by addition of fresh sterile water to a culture) is elongated or 
pear-shaped with the broader end behind (pi. 1. figs. 1,2). The posterior end is very meta- 
bolic and coarsely vacuolated, whereas the anterior end is clear and contains an easily visible 
nucleus. There is a single contractile vacuole situated at the middle. The flagellum is in- 
serted at the anterior end and is directed forward, the length being approximately equal to 
that of the body. It appears incapable of serving as a true swimming organ since the flagel- 
late simply turns around slowly and jerkily on its long axis without moving forwards. Some- 
times, however, it crawls along the surface of the microscope slide like a Cercomonas or Masti- 
gamoeba. The cysts (pi. 1., fig. 3) resemble those of Naegleria rather than those of Hartman- 
ella in possessing pores, but differ in having relatively thick and corrugated walls. 

The only “Umax” amoeba known which has a flagellate form with only a single flagellum 
is H y per amoeba flagellata Alexeieff, recently found by Alexeiff (1) in horse manure from Fin- 
land. He gives no account of cyst-formation or of the cytology of the amoeba, and the pres- 
ent species was not examined under the conditions in which are obtained the characteristic 
forms by which alone H. flagellala can be identified. Consequently, pending a more de- 
tailed examination, the present species will be referred to simply as Hyperamoeba sp. 

Dimastigella trypaniformis , nov. gen., nov. sp. This is a rather narrow, spindle-shaped 
organism closely resembling a Trypartoplasma in its general appearance and mode of motion. 
It is about 12/jt long, possessing two flagella of which one is inserted at the anterior end and 
directed forwards, being about 2/5 to full body length, and the other being about twice as 
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long and directed backwards. This trailing flagellum adheres to the surface of the body and 
is occasionally thrown up for part or all of its length, forming the border of an “undulating 
membrane.” The body is, however, generally circular in section and this thinning out to 
form a lateral membrane is not common. In swimming the active sinuous motion is very 
similar to that of a Trypanosome. A contractile vacuole is usually easily visible at the an- 
terior end of the body. 

On staining the flagellate, however, the “blepharoplast” or “kinetonucleus,” which is 
generally regarded as diagnostic of the Trypanosomaceae , is found to be absent. Each flagel- 
lum ends in a minute granule, and when the contractile vacuole is dilated at the moment of 
fixing, it is seen to lie between the two granules, pushing them apart (pi. 1., figs. 4, 5). This 
species thus differs from the Cercomonads in which the basal granules are connected to the 
nuclear membrane. Werbitzky (13) has shown that under the influence of certain drugs the 
blepharoplast of Trypanosoma brucei is lost without the life or activities of the organisms 
being in any other respect noticeably affected. This raises some doubt, therefore, as to 
whether the structure may be regarded as absolutely diagnostic for the family, for it appears 
plausible that a structure which can be lost under artificial conditions may also be perman- 
ently lost in the course of natural evolution. For the present, therefore, it is proposed to 
include this flagellate in the family Cryptobiaceae of the Protomastiginae under the name of 
Dimastigella trypaniformis nov. gen., nov. sp., the genus being defined as free-living flagel- 
lates closely resembling the genus Cryptobia Leidy (Trypano plasma Laveran et Mesnil) but 
possessing no blepharoplast. 

The mode of nutrition has not been observed, but bacteria can often be observed lying 
within the plasma in stained preparations. 

In older cultures, cysts are formed (pi. 1., fig. 6). These are spherical bodies, 4 to 5p in 
diameter. The wall is noticeably smooth, possessing no pore, and appears as a single con- 
tour around the plasmic contents, which are very uniform, containing no refringent granules 
or vacuoles and completely filling the cyst. When stained, they show a simple vesicular 
nucleus often with a minute granule lying against its membrane. In this condition also the 
similarity to the corresponding resting stage of the Trypanosomes, as figured by several 
authors, is quite close. 

Though many preparations have been stained and examined, division stages have not been 
observed. Excellent cultures of this species were ultimately obtained, but it appears to be 
rather sensitive to cultural conditions (i.e. possibly to the presence of certain other organisms) 
and its occurrence on the plates used for counting was so erratic that no estimate of its abun- 
dance could be obtained. As, however, it frequently occurred in cultures made from rather 
high dilutions of soil, it probably sometimes attains considerable numbers in the New Bruns- 
wick soils. Though it has not been recorded by any other investigators, it is probably rather 
widespread. Dr. F. C. Holmes told the author that he has observed it in soil cultures at the 
Boyce Thompson Institute. The author also found it once in Utah, and has observed it in 
England in cultures from some straw compost, and from several different soils, although al- 
ways in small numbers. 
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PLATE 1 

Figs. 1 and 2. Hyperamosba sp. Flagellate Stage. (Freehand sketches from life.) 

Fig. 3. Hyperamoeba sp. Cyst. (From life.) 

Figs. 4 and 5. Dimastigella trypanijormis. Active Form. (Stained with Heidenhain’s 
haematoxylin.) 

Fig. 6. Dimastigella trypanijormis. Cysts. (Stained with Heidenhain’s haematoxylin.) 





[From THE ANNALS OF APPLIED BIOLOGY, Vol. XV, No. 1 , February, 1928.] 

[ All rights reserved.] 
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THE EFFECT OF PHENOL, CARBON BISULPHIDE 
AND HEAT ON SOIL PROTOZOA 

By ANNIE DIXON. 

(From the General Microbiology Department , 

Rothamsted Experimental Station.) 

Introduction. 

Waksman and Starkey ( ii) found that when soil was treated with 
1 per cent, carbon bisulphide the protozoa were absent after 14 days 
but reappeared at the end of 28 days. The disinfectant at first depressed 
the protozoa which later began to increase rapidly, reaching a maximum 
only after 90 days. When similar soil was reinoculated the rise in 
bacterial numbers was more rapid but this was followed by a rapid 
fall. The protozoa also were evident after 14 days. Russell and 
Hutchinson ( 7 , 8 ) found that treating the soil with 0*5-1 per cent, carbon 
bisulphide produces an enormous increase in bacteria from 2-121 
millions per gm. after a period of 74 days. Russell and Golding(O) in a 
previous paper gave similar results though the bacteria did not reach 
quite such high numbers. They believed that the vapour of carbon bi- 
sulphide has great power of penetrating the soil and of reaching organisms 
which other chemicals such as toluene leave untouched. Matthews ( 4 ) 
experimented with a large range of chemicals when working on the 
partial sterilisation of greenhouse soils and she found that the bacteria 
fluctuated, usually being reduced for the first few days and then rising 
to a maximum and gradually falling to normal. The whole process she 
says is much slower in field soil than in richer, lighter and better aerated 
greenhouse soil. Aeration she suggests has a great influence on the 
rapidity of these changes. She concluded that the rise in numbers of 
the bacteria is due not to the absence of the protozoa, but to the feeding 
effect of the antiseptic on the bacteria ; and the increased fertility of the 
soil is to be attributed to the activity of the bacterial population in 
breaking down the organic matter of the soil. Sewertzoff (10), working 
on the influence of several antiseptics on soil amoebae and bacteria, 
gives results quite the reverse to those quoted above; she finds with 
carbon bisulphide that even such high dilutions as 20, 40 and 60 per cent. 
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are useless to kill off the cysts of the soil protozoa or the spores of 
Bacillus subtilis. Even a non-sporing bacterium as Staphylococcus was 
not killed with 10 per cent, carbon bisulphide. It must be remembered 
that though these high dilutions are not strong enough to kill off cystic 
protozoa, the active stages are readily killed. 

Buddin(i), who worked at the partial sterilisation of soils by several 
antiseptics, found that phenol and its derivatives were effective if used 
in high enough strengths. He found that phenol in weak doses from 
M/200-M/50 causes a high rise in the numbers of bacteria, and that 
even up to 0*1 per cent, phenol there was no disappearance of the 
protozoa. Doses of Mj 10 to M kept the soil protozoa and bacteria in 
an inactive condition for 75 days. Buddin did not use carbon bisulphide 
in any of his experiments. 

In view of these discrepant results it was decided to carry out experi- 
ments on the effects of phenol and carbon bisulphide on both the cysts 
and active forms of known species of protozoa. Further, as steam is 
extensively used as a partial sterilising agent in glass-house work and 
since its act ion may not be the same on the soil population as that of 
volatile antiseptics its effects were also tested. The species of soil 
protozoa used were: Naegleria gruberi, HarUnanella hyalina, Oikomonas 
ter mo and Cercomonas crassicauda . 

Methods. 

The cysts of the protozoa used were tested in two ways to discover 
whether they were killed or not by the treatment with the disinfectant. 
First by cultural methods, i.c. by placing the cysts on agar plates or 
in hay infusion. Second by testing with 0*125 per cent, eosin. 

This method has been used by Wenyon, O’Connor and Cutler (3) as 
a rapid method of detecting dead cysts of Entamoeba histolytica , where 
it was of great use. 

Cutler (2) has also used it for soil protozoa, the cysts of which were 
boiled or heated at 85° C. for one hour. These cysts, when tested with 
the watery solution of eosin, became uniformly coloured, and when 
tested by cultural methods were found to be dead. K easel (3), using this 
method for testing the viability of Ilartmanclla hyalina cysts when 
treated with chlorin water, finds also that all red cysts are incapable of 
development. Notwithstanding this the number of stained cysts does 
not in all cases represent the numbers of cysts which are killed, fre- 
quently some of the cysts exhibit a condition of plasmolysis and have a 
yellow appearance. When thd plasmolysis is complete, i.e . the cytoplasm 
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undergoes a very pronounced shrinkage, the cysts are then less likely to 
take the eosin stain. This complete plasmolysis was noticed occurring 
most commonly in high concentrations of chlorin water or in lower 
concentrations for extended periods of time. 

Tests with Hartmanella hyalina , Naegleria gruberi, Cercomonas crassi- 
cauda and Oikomonas termo showed that the eosin method was effective 
with them, but with the flagellates Helkesimastix faecicola, Heteromita 
globosa and Sainouron mikroteron the dead cells were not coloured; in 
the case of the ciliates, Colpoda sleinii and C. cucullus , the young or 
thin-walled cysts were coloured, but not all the older cysts with thick 
yellow and brown walls. 

The eosin method is a useful rough test for the viability of cysts, 
but should be used in conjunction with other methods, and for some 
species of flagellates it is of no use. In all the following experiments, 
therefore, where the eosin method was used, the cysts were also plated 
on agar or placed in hay infusion to note whether exeystation took place. 

The effect of phenol and carbon bisulphide. 

The following experiments were carried out to discover the strengths 
of phenol needed for destroying the active and cystic stages of the 
amoeba Hartmanella hyalina and two flagellates, Cercomonas crassicauda 
and Oikomonas termo. 


Experiments 1. 

Hay infusions containing the following strengths of phenol were used, 
1, 0-5, 0-3, 015, Ol, 0*055 per cent, and control. 

Method. Cavity slides were filled with phenol hay infusion and 
active Hartmanella hyalina from a healthy rich culture were added. 
Evaporation was prevented by the slide being covered with blotting 
paper the central space being cut out, the paper was kept saturated 
with phenol hay infusion and placed in a damp chamber. 

The amoebae in the dilutions from 0*1-1 per cent, were all killed; 
a few, rounded off with an unhealthy appearance, were found in the 
0*055 per cent, dilution. The amoebae in the control were active and 
healthy. Another experiment was done in which active Cercomonas 
crassicauda were used instead of active amoebae. These were killed in 
every strength of the phenol while they remained healthy and active in 
the control. 
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Experiments 2. 

The above experiments were followed by others in which cystic 
protozoa were used. As the form and results of the experiments are 
similar except for the protozoa used, it is needless to detail each in turn. 

A suspension of cysts from an agar slope was made in 5 c.c. of sterile 
tap water, which was poured on to agar plates. The agar had previously 
been phenolised to the following strengths 1, 0*5, 0*3, 0*15, 0*1, 0*055 per 
cent, in duplicate and duplicate normal agar plates were used as a control. 

The following cystic protozoa were used in different experiments: 
Cercomonas crassicauda , Oikomonas termo and Naegleria gruberi . In 
every case no excystation occurred in the dilutions above 0*3 per cent., 
though the cysts were not killed in the case of Naegleria , Table I; this 
result was doubly tested in the case of Naegleria gruberi as phenol hay 
infusion of the same strengths was used as well as the phenol agar. 


Table I. 
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v f = vcry few, f — few, a — actives, + — live cysts, 0 — dead cysts or actives. 


These results were again tested by two methods to discover whether 
the cysts were killed by the phenol: (1) by the eosin method, where 
the dead cells were stained pink; (2) by plating on normal agar plates 
and examining these at intervals of three days to note whether any 
active protozoa were present. Naegleria gruberi cysts under these tests 
gave no excystation on the phenol agar after 18 days above 0*3 per cent, 
phenol, but a few cysts wer.e still living at 1 and 0*5 per cent, in the 
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phenol agar and hay infusion after the same period of time. The Cerco - 
monas crassicauda cysts by the eosin test showed that a few cysts were 
still living after seven days in 0-5 per cent, phenol hay infusion, but the 
cysts did not excyst when placed on normal agar; while as stated above 
the cysts of Oilornonas termo were killed with 0*3 per cent, phenol agar. 
Thus, amoebae cysts in some cases may be depressed by the phenol and 
after a long period may resume their activity when the medium has 
recovered from the influence of the phenol. 

Since it was shown by Sewertzoff (10) that the dosage of antiseptics 
required for soil was much larger than in the case of cultures, it was 
decided to test the strengths of phenol on the protozoa in soil. 

These experiments were done on the untreated soil from a tomato 
house, where the soil fauna was well known. The soil was taken to the 
laboratory, sieved, and divided into six portions of 100 gm. each. Each 
100 gm. of soil was placed in large petri dishes, and sprayed with the 
following strengths of phenol, 0-15, 0*3, 0-6, 0-9, 1-8 per cent., an un- 
treated soil acted as a control. All strengths below 1*8 per cent, showed 
the presence of protozoa though in the case of the 0*9 per cent, dilution 
very few amoebae and flagellates were found. 

Further experiments were made with the same soil treated with 
1*2, 2-4, 3-6 per cent, of phenol. No protozoa were found in the 3-6 per 
cent, dilution, and very few in the two lower dilutions. 

Two plots of soil in a tomato house were treated with 0-25 per cent, 
and 0-15 per cent, carbolic acid, the numbers of protozoa were not so 
low as after steaming but the depressing effect, particularly on the 
amoebae, continued for over 55 days in 0*1 5 per cent, carbolic. 

This work showed that the strengths of phenol used in commercial 
practice are too low to kill the protozoan cysts, though they cause an 
immediate disappearance of active forms from the soil for long periods 
of time. 

Buddin(i), who worked on the effect of partial sterilisation of soil by 
various antiseptics, found that M/1Q-M killed off the protozoa, M) 10 
being about equal to 1*2 per cent, which was used in these experiments. 
He found the same dose was necessary for cresol, which is one of the 
chief ingredients of the carbolic acid used in the above experiments. 

The influence of carbon btsulphtde on soil protozoa. 

Experiments on the influence of carbon bisulphide on soil protozoa 
were carried out on the same lines as in the previous work on the in- 
fluence of phenol. 
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The following dilutions of carbon bisulphide were made up with agar 
and hay infusion, 1, 0-76, 0-5, 0-3, 0*14, 0-0(5, 0*02 per cent, and control 
normal agar. 

Experiments . 

Method . Suspensions of cysts of Hartmanella hyalina were made in 
sterile tap water, 5 c.c. of which was inoculated into each of the following 
strengths (three plates for each), 1, 0-76, 0-5, 0-3, 0-14, 0-0G, 0*02 per 
cent., and control. 

A similar suspension of Hartmanella hyalina was inoculated into 
the same strengths of carbon bisulphide but hay infusion instead of 
agar was used, Table II illustrates the results both in the agar and hay 
infusion. 

Table IT. 

The influence of carbon bisulphide on Hartmanella hyalina cysts. 
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in agar has no ill effect on cystic Hartmanella hyalina , which can excyst 
and continue to live in such agar; but carbon bisulphide in hay infusion 
has a decidedly depressing influence, a few cysts survived in 0-7G per 
cent, carbon bisulphide and lower dilutions for four days but no excysted 
actives were found above 0*02 per cent, after nine days. 

Experiments were carried out on the influence of carbon bisulphide 
on active Hartmanella hyalina in cavity slips as above and kept in a 
damp chamber. The same range of dilutions were used as in the earlier 
experiments, but the first result of the treatment was to cause the 
Hartmanella hyalina to encyst, not to die. After three days, dead cysts 
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were found in the three higher dilutions, i.e. above 0-3 per cent., the same 
results continuing to the end of the experiment after fifteen days. 
The control had actives and cysts during the whole of the experi- 
ment. 

The influence of carbon bisulphide on Cercomonas crassicauda cysts 
was studied, the dilutions 1, 0*76, 0*5, 0-3, 0-14, 0*06, 0*02 per cent, 
were used with hay infusion. It was found that at 0*5 per cent, and 
above the cysts were still found at the end of eleven days, while at 
0-3 per cent, and below active Cercomonas crassicauda were found. In 
a similar experiment done on agar the results were similar. 

When active Cercomonas crassicauda were treated with the same 
strengths of carbon bisulphide in hay infusion, in every case, except in 
the control, the Cercomonas crassicauda were killed off. 

The experiments also show that the active forms of Hartmanella 
hyalina and Cercomonas crassicauda have a great difference in their 
tolerance of carbon bisulphide. Unless strong doses of carbon bisulphide 
are used for Hartmanella hyalina , the effect is to cause the actives to 
encyst and when the chemical has partially evaporated to excyst again, 
whereas Cercomonas crassicauda is killed. 


The effect of heat. 

Soil heated to 60° C. was found by Russell and Golding (5, 6) to give 
a great increase in the number of bacteria but on the whole not such 
high numbers as when similar samples were treated with carbon bi- 
sulphide. 

The same results, high numbers of bacteria, were again obtained by 
Russell and Petherbridge(9) in further experiments of heating the soil 
to 98° C. The effect was not found however when soil was heated to 
50° C. or 55° C., the numbers in every case falling below those of the 
untreated soil. The soil in this case was kept at 55° C. for three hours. 
Heating soil to various temperatures was done by Russell and Hut- 
chinson (7, 8) to find what temperature was required to kill off the detri- 
mental factor, i.e. the protozoa in the soil. Various temperatures of 
40° C. up to 65° C. were used, and the results showed that heating to 
55° C. did not extinguish the factor but that in another soil heating at 
50° C. for twelve hours temporarily extinguished the protozoa. 65° C. 
appeared to be ample, though the rise in numbers from 3 millions per 
gm. of soil to 60 millions in 210 days was not a very great increase. 
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Methods. 

Cysts of Naegleria gruberi were placed in a test-tube containing 
sterile water, which was then placed in a container having water at the 
required temperature and kept there for a specified time. The viability 
of the cysts was then tested by the eosin method and by cultures. 

Experiments. 

The percentages killed as tested by eosin were: at 45° C. approxi- 
mately 45 per cent., at 55° C. 71 per cent., at 65° 0. 90 per cent., at 
70° C. 98 per cent, or sometimes 100 per cent. It was thought that as 
the temperature of 70° C. gave such a high death rate, 75° C. would be 
a suitable temperature to test the amount of time necessary for the 
cysts under similar conditions to be exposed. Thus the experiment was 
repeated on the following day with cysts from the same culture, and with 
a mixed collection of cysts from several cultures heated to 75° C. for 
five and ten minutes. 

The results with the eosin test gave 93 per cent, killed at five minutes 
and 100 per cent, killed at ten minutes for all cysts. 

As a result of this experiment several others were done with sieved 
soil from the farm-yard manured plot from Barnfield. These showed 
that a temperature of 85° C. for fifteen minutes or longer is sufficient to 
kill off all the protozoa in 5 gm. of soil in a test-tube. 

Another experiment with approximately 500 gm. of soil was carried 
out where light soil was sieved and divided into four portions, three of 
which were steamed for three different periods of time, seven, fifteen 
and thirty minutes, one being reserved as a control. 

In the case of that heated for thirty minutes, no trace of any protozoa 
was found during the twenty-nine days that the soil was examined; in 
the soil heated for fifteen minutes a few flagellates and amoebae were 
occasionally found. The ciliates appear to be very susceptible to heat, as 
the actives and cysts were killed off after seven minutes in the steamer. 

A further experiment, however, showed that thirty minutes at 99 °0. 
is not absolutely lethal to all protozoa as both Cercomonus crcissicauda 
and Ileteromita globosus were present in small numbers in some further 
soil treated in that way. 

These experiments show that a temperature of 99 C. is usually 
efficient in partially sterilising the soil if the heat is continued for thirty 
minutes. In one case when the soil was kept in the steamer for fifteen 
minutes after the steam had risen almost all the protozoa were killed, 



118 Effect of Phenol, etc., on Soil Protozoa 

a few flagellates being found on three samplings and amoebae twice 
out of twenty-nine samplings. Probably the physical conditions of the 
soil, such as the moisture content, will have an influence on the heat 
necessary for partial sterilisation. 

Steaming experiments on tomato soil were done for two successive 
years. The temperature in the first year reached 100-105° C. at the 
edge of the plot, the steam being kept at the same pressure for one hour. 
The temperature at 9 in. after the steam was turned off was 98° C. 
The result of this treatment was to destroy almost all the bacteria and 
protozoa, though in one soil sample no protozoa were found. The 
protozoa numbers after twelve days were very depressed and were still 
low twenty-seven days after and continued depressed for some time. 
The steaming of the plots for the second year was not so drastic, the 
steam being continued for thirty minutes but the temperature did not 
rise above 60° C. This steaming reduced the numbers of the protozoa 
and bacteria so little that one of the plots was steamed a second time, 
the temperature rising on this occasion to 100° 0. The protozoa, particu- 
larly in the twice steamed plot, showed a depression in numbers for 
120 days after the steaming. As this lethal effect was too prolonged to 
be due only to the effect of steaming, a soil extract from the steamed 
soil was made, which proved lethal to active amoebae, though a similar 
extract from the untreated plot had no such effect. 

Summary. 

(1) Experiments made to discover the death-point of protozoa by 
phenol, carbon bisulphide and heat showed that phenol has a greater 
lethal effect than carbon bisulphide. 

(2) Heating the soil in a steamer for thirty minutes is usually suffi- 
cient to kill off the protozoa, and the treatment of glass-house soil by 
steam destroys the majority of the protozoa and has a depressing effect 
on their numbers for a long period. 
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CARBON DIOXIDE PRODUCTION IN SANDS AND 
SOILS IN THE PRESENCE AND ABSENCE OF 

AMOEBAE 

By D. WARD CUTLER, M.A. and L. M. CRUMP, M.Sc. 

(From the General Microbiology Department , Rothamsted 
Experimental Station , Harpenden.) 

(With 2 Text-figures.) 

If the functions of the micro-organisms in soil are to be fully understood 
a knowledge of their relation to the different chemical constituents of 
the soil is essential, so that the parts they play in breaking down or 
building up compounds can be evaluated. The present work was under- 
taken in an attempt to throw some light on the relation of bacteria and 
amoebae to carbon dioxide production and by this means to the organic 
matter in the soil. Such investigation is particularly interesting since it 
has been shown that amoebae are an important part of the active soil 
population and that their numbers are definitely related to those of the 
bacteria (4). Since the problem is one of great complexity only the simplest 
cases have hitherto been considered and the attempt has been confined 
to studying the action of one pure strain of bacteria, in the presence or 
absence of a pure line of amoebae, in sand cultures containing four 
different carbon sources, and in sterilised soils with four different manurial 
histories. 

Previous work on carbon dioxide production from soil has largely 
been directed to attempting to correlate for field soils the carbon dioxide 
produced with their fertility, no effort being made to simplify the 
population; the literature of this subject is reviewed by Waksman and 
Starkey (15) and Waksman (14) and need not be considered here. All the 
work done has gone to show that carbon dioxide formation is conditioned 
by numerous factors, among which heat, moisture, source of carbon and 
type of organisms may be mentioned as the more important, and many 
investigators have concluded that it is safe to regard carbon dioxide 
production as a useful index of soil fertility, possibly of greater use in 
this connection than the actual numbers of bacteria present in the soil. 
Several observers (Stocklasa(i2), Russell and Appleyard(io), Neller(7), 
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Konig and Hasenbaumer(f>), van Suchtelen(i3)) found a definite corre- 
lation between carbon dioxide production and bacterial numbers. The 
amount of carbon dioxide produced by an unsterilised field soil is very 
variable; we have found that a well manured soil such as the dunged 
plot on Barnfield can give from 18 to 157 mgm. per kilo for the first 
24 hours of an experiment, and an unmanured, 12 to 52. Waksman 
and Starkey recorded over 100 mgm. from one kilogramme of soil from 
a well manured, limed plot, and about 20 mgm. from an untreated 
soil. 

A certain amount of work has also been done with pure cultures of 
bacteria inoculated into field soils; Westhues(i<») found that sterile garden 
soil inoculated with three different species of bacteria gave amounts of 
carbon dioxide varying from 13f> to 274 mgm. per 500 gm. in seven weeks. 

Very little work has been done on the respiration of protozoa, one 
can therefore lay down no a priori expectation as to the amount of 
carbon dioxide that they will be responsible for producing in the soil. 
The little that is known is mostly derived from work on Paramoecium. 
Barratt(i) calculated that Paramoecium gave off from 1*3 to 5-3 per cent, 
of its body weight per day, and Putter (9) calculated that this would 
represent 0-000035 mgm. per animal per day, but it must be remembered 
that Barratt’s animals were in distilled water so that metabolism was at 
a low ebb and the figures quoted are therefore minimum and not average. 

Methods. 

In the experiments under consideration both sands and soils were 
used as medium ; the sand was silver sand which passed a 1 mm. sieve, it 
was washed with hydrochloric acid, and then with water until it was 
acid-free, and was then ignited. To the sand four different food sources 
were added in different experiments, after sterilisation, when the micro- 
organisms were inoculated. The four food solutions used were soil 
extract, mineral salt solution 4 0*5 per cent, peptone, mineral salt 
solution 4 ammonium sulphate 4 0*2 per cent, glucose (ratio C/N - 10), 
and mineral salt solution 4 sodium nitrate 4- 0*2 per cent, glucose 
(ratio C/N - 10). 

The soils were taken from plots on Barnfield which have been under 
continuous cultivation since 1876, receiving respectively fourteen tons of 
farmyard manure, 550 lb. nitrate of soda and 400 lb. ammonium salts 
per acre per annum ; the fourth plot received no manure. The soils all re- 
ceived the same treatment in the laboratory; they were air-dried, sieved 
through a 3 mm. sieve and the required amount was then autoclaved 
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in a two-litre flask for ten minutes at 15 lb. pressure. The sand was 
similarly autoclaved. Experience has shown that soil which is to be 
used as a medium for the growth of protozoa must not be subjected to 
a too drastic sterilisation, since toxic products are formed which inhibit 
growth ( 3 ). Pure cultures of “YB” bacteria ( 3 ) were employed, obtained 
from a single cell 1 , either with or without the addition of a pure mixed 
culture of Hartmanella hyalina with “YB,” and every experiment con- 
sisted of parallel cultures of bacteria alone and bacteria -f amoebae, so 
that the results are strictly comparable. The media were inoculated 
under aseptic conditions by spraying the cultures of bacteria or bacteria 
and amoebae on to the sand or soil from an Atlas spray, sufficient food 
solution in the case of sands or mineral salt solution in the case of soils 
being added to bring the medium to half the water-holding capacity. 
Bacteria and amoebae were counted daily by the dilution method in use 
in this laboratory ( 4 ). 

The carbon dioxide evolved was estimated by the Pettenkoffer 
method using a baryta solution of about 0*1 per cent, in the tubes and 
titrating it against known hydrochloric acid of not more than iV/5 
strength. In every case the cultures were aerated by drawing carbon 
dioxide free air over them continuously by an aspirator. It has been 
shown by Potter and Snyder(s) that within wide limits the rate at which 
the air is drawn over the soil is immaterial; in these experiments the 
rate was between four and five litres in 24 hours. The carbon dioxide 
was estimated at least once in every 24 hours, that is, when the bacteria 
and amoebae were counted, but frequently the amount produced was so 
great as to necessitate more frequent titrations. 

Results. 

The growth of bacteria in an inoculated sand or soil follows closely 
the growth in an ordinary liquid culture; the numbers rise to a maximum 
within the first five days and then fall steadily with minor fluctuations; 
the presence of amoebae induces a greater tendency to fluctuate and 
lowers the bacterial numbers. Contrary to expectation, in the majority 
of cases the carbon dioxide production reaches its maximum a day 
before the bacterial numbers have reached theirs; then it drops sharply 
at first and more and more slowly until a steady level is maintained, at 
least for the duration of the experiments under discussion, which is a 
period of anything up to 15 days. Typical curves showing the carbon 

1 This pure strain of bacteria was prepared for us by Mr R. H. Stoughton using the 
“ Dickinson Micro-Isolator.’’ 
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dioxide production are given in Figs. 1 and 2. The amount of carbon 
dioxide produced in any given period is conditioned by a variety of 
factors as has been previously stated, but a rough idea of the amount 



Days 

Fig. 1. Carbon dioxide production from bacteria and bacteria + amoebae in sand cultures 

with peptone. 

of carbon dioxide which any given medium is capable of producing may 
be obtained from Table I, in which the amount of carbon dioxide given 
ofl during the first five days ©f an experiment is given. 
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Fig. 2. Carbon dioxide production from bacteria and bacteria + amoebae in sand cultures 
with ammonium sulphate and glucose. 

Table I. 

Average amount in gin. of carbon dioxide produced from 400 gm. 
of media in five days. 


Soils 

Farmyard manured 

Unmanured 

(NH.yso, 

NaNOj 


•1984 

•0324 

•0592 

•0566 

Sands 

Peptone 

Soil extract 

(NH^SO, 

NaNOj 


•1126 

■0164 

•0222 

•0212 


It is obviously of considerable interest to know what relation the 
numbers of bacteria bear to the formation of carbon dioxide; usually 
it has been assumed that there will be a definite relation between high 
numbers of bacteria and high carbon dioxide production and vice versa. 
The simplest method of testing this point since only two variables are 
involved is to arrange the data in contingency tables: in these an increase 
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in either variant is shown by a -f sign and a decrease by a — sign; if both 

increase or decrease together it will be shown by a -j~ -t- or a , if 

they vary inversely by a + - or - + . Where the two vary wholly 
independently there will be equality between the numbers of like and 
unlike signs, provided that there are a sufficient number of cases; a 
preponderance of like or unlike signs will show that the two variables 
are related to one another. To test the significance of any departure 
from equality a x 2 niay be worked out (f>), and when a x 2 has a greater value 
than 4 it may be assumed that there is a definite inter-relation between 
the two variables which is not due to chance. From Table II it appears 

Table II. 

Contingency tables for carbon dioxide 'production and bacterial 
numbers in sand, and soil cultures (U0 2 given .first). 


Sands 


4 4 

4 - 

- 4 


X 2 

(NH 4 ) 2 K0 4 or NaN 0„ 

Bacteria alone 

11 

5 

3 

12 

0-2 

-f-tflueoso 

With amoebae 

10 

4 

(> 

13 

5*1 

Peptone 

Bacteria alone 

12 

0 

(i 

15 

5*0 

With amoebae 

10 

8 

10 

12 

0*4 

Soil extract 

Bacteria alono 

15 

7 

4 

11 

0*1 


With amoebae 

12 

15 

0 

9 

0*08 

Soils 


4 4 

4 - 

- 4 

— 

x 2 

(NH 4 ) 2 S0 4 or NaNO s 

Bacteria alone 

0 

20 

0 

17 



With amoebae 

11 

12 

8 

13 

— 

Farmyard manured 

Bacteria alone 

12 

b 

4 

23 

12*9 

With amoebae 

7 

t) 

3 

13 

3*9 

Uiinuumrod 

Bacteria alone 

3 

8 

5 

7 

— 


With amoebae 

l 

3 

2 

3 

— 


that where bacteria alone are present in sand cultures there is a very 
definite correlation between their numbers and the amount of carbon 
dioxide given off. The same is true of the soil receiving farmyard manure, 
but in the case of the unmanured soil and the soils receiving minerals 
there is no such correlation. There is no obvious reason for this anomalous 
result. 

It is a matter of considerable interest to discover whether the bacterial 
capacity for producing carbon dioxide varies at all in the course of 
growth, and on different media, or whether it remains a constant. It 
appears from a study of different experiments that the carbon dioxide 
is very often produced in large quantities at the beginning of an experi- 
ment, even where in some cases the numbers of bacteria are still low. 
A contingency table was therefore made in which the two variables 
considered were the numbers of bacteria per gramme of medium, 
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averaged for the beginning and end of each 24-hour period, and the 
amount of carbon dioxide produced per bacterium during that 24 hours, 
this giving a measure of the efficiency of the bacteria. 

Table III. 


Contingency table for numbers of bacteria and efficiency in 'producing 
carbon dioxide ( efficiency given first). 


Sands 

+ + 

+ - 

- + 


X 2 

Soil extract 

10 

13 

14 

5 

4*8 

Minerals + glucose 

4 

10 

8 

7 

1-9 

Peptone 

5 

10 

11 

4 

4-8 

All media 

10 

33 

33 

10 

9-6 

Soils 

+ + 

+ - 

- + 


X 2 

Farmyard manured 

0 

0 

14 

8 

20 

Unmanured 

3 

5 

12 

3 

41 

Minerals 

6 

12 

27 

11 

71 

All media 

15 

20 

53 

22 

120 


From Table III it is clear that in the majority of cases, both in sands 
and in soils, the bacteria are more efficient as producers of carbon 
dioxide when their numbers are not rising and less efficient as the numbers 
increase. That these results are not due to the fact that when low numbers 
of bacteria are present the culture is usually young and active and when 
high numbers are present it is staling, is shown in Table IV by con- 
sidering the figures obtained when only the last five days of the culture’s 


growth are considered. 

Medium + + 

Table IV. 

+ - 

- + 


x 2 

Peptone 

1 

10 

2 

2 

31 

Soil extract 

3 

8 

7 

1 

0-7 

Minerals + glucose 

0 

7 

3 

0 

— 

All media 

4 

25 

12 

3 

25-2 


The obvious interpretation to place upon these results is that when 
the bacteria are reproducing, their energy is primarily devoted to building 
up fresh tissue, and that when reproduction is at a standstill, the energy 
is diverted and carbon dioxide is released in much larger quantities. 
In the case of young cultures, there is the anomaly that high efficiency 
for carbon dioxide production is correlated with active reproduction; 
apparently the bacteria of young cultures are able both to reproduce 
and to liberate carbon dioxide at the same time, whereas in the older 
cultures one or the other of the two processes predominates. These 
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contingency tables simply demonstrate that the efficiency varies according 
as to whether the numbers of bacteria in the cultures aqe increasing or 
decreasing, but they afford no information as to whether the efficiency 
is affected by the actual density of the population or as to whether it 
varies from medium to medium. If the efficiencies are grouped as in 
Table V, according to the number of bacteria present per gramme of 

Table V. 


Bacterial efficiencies in gm. per 1000 million bacteria. 

Nil mini's of bacteria in millions per gramme 



No. of 
cases 

0-200 

No. of 
cases 

200-400 

No. of 

cases 

400 (KM) 

No. of 
cases 

000-800 

No. of 
cases 

Over 

800 

Soils 

Farmyard manured 

o 

•000245 

2 

■000140 

7 

•000120 

5 

•000098 

55 

•000039 

l him anu red 

12 

•000149 

9 

•000055 

1 

•000055 

2 

•000049 

2 

•000049 

NaNOg 

24 

•000505 

10 

•000058 

5 

•000002 

l 

■000029 

_ 

— 

(NH 4 ) 2 S0 4 

lb 

•000190 

7 

•000091 

- 

- 

— 

— 

1 

•000041 

Sands 

Peptone 

4 

•0(XH)92 

11 

*000080 

9 

■000042 

5 

•000105 

5 

•000003 

Soil extract 

28 

•000259 

8 

•000008 

5 

•000058 

— 


7 

•000017 

NaNOg 

14 

*000558 

1 

■000112 

— 

— 

— 

— 

— 

— 


19 

•000790 

— 

— 

— 

— 

— 

— 

— 

— 


Table VI. 

Amount of carbon dioxide in < /ranmes given off from 400 gm. of different 
media hg varying number s of bacteria. 


Numbers of bacteria in millions per gramme 




No. of 
cases 

0- 

200 

No. of 
cases 

200 

400 

No. of 
cases 

400- 

000 

No. of 
cases 

000- 

800 

No. of 
cases 

Over 

800 

Soils 

Farmyard 

Bacteria alone 

— 

— 

— 

__ 

— 

— 

1 

■0228 

32 

•0210 

rnanurod 

Bacteria and amoebae 

__ 

— 

— 

— 

1 

•0250 

1 

•0404 

31 

•0240 

Umnanured 

Bacteria alone 

11 

•0072 

9 

•0050 

1 

•0100 

1 

•0128 

2 

•0068 


Bacteria and amoebae 

11 

•0008 

7 

•0008 

4 

•0104 

— 

••- 

2 

•0440 

NaNOg 

Bacteria alone 

13 

•0072 

8 

•0052 

4 

•0072 

1 

•0092 

— 

— 


Bacteria and amoebae 

15 

•0008 

8 

•0072 

— 

— 

— 


2 

•0076 

(NH^SO, 

Bacteria alone 

10 

•0104 

4 

■0112 

— 

— 

— 

— 

1 

•0160 

Bacteria and amoebae 

17 

•0100 

7 

•0112 

1 

•0072 

— 


1 

•0152 

Sands 

Peptone 

Bacteria alone 

4 

•0050 

11 

•0084 

9 

•0088 

5 

•0272 

5 

•0252 

Bacteria and amoebae 

14 

•0070 

9 

•0130 

0 

•0100 

2 

•0112 

2 

•0300 

Soil extract 

Bacteria alone 

27 

•0052 

8 

•0072 

5 

•0110 

— 

— 

3 

•0104 


Bacteria and amoebae 

20 

•0044 

11 

•0172 

3 

•0080 

1 

•0068 

8 

•0064 

NaNOg 

Bacteria alone 

20 

•0040 

1 

•0096 

— 

— 

— 

— 

__ 

— 


Bacteria and amoebae 

20 

•0088 

— 

— 



— 

— 

— 

— 

(NH^SO, 

Bacteria alone 

20 

•0030 

— 

— 

-- 

— 

— 

— 

— 

— 

Bacteria and amoebae 

19* 

•0060 

— 

— 

— 

— 

— 

— 

— 

— 
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medium, it is seen that the fewer bacteria there are present the more 
efficient each one becomes. Information as to the influence of the medium 
on the efficiency of the bacteria can be obtained by considering the actual 
amount of carbon dioxide given off by a constant volume of medium 
with the same numbers of bacteria. From Table VI, though the distri- 
bution is irregular, it would appear that although an increased population 
gives off an increased amount of carbon dioxide on any one medium, 
yet the bacteria produce roughly the same amount of carbon dioxide, 
irrespective of the medium. The different media are unable to support 
the same sized populations, since in the soils the unmanured and those 
with minerals rarely have a density of over 400 millions per gm., while 
the farmyard manured are almost entirely above 800 millions. This is 
also shown, though in a lesser degree, by the sand experiments, where 
peptone supports a larger population than the others. 


Effect of amoebae. 

Tn both sands and soils the presence of amoebae has the usual result 
of lowering the numbers of bacteria, but the effect upon carbon dioxide 
production is not so simple. In Table II the correlation between carbon 
dioxide production and bacterial numbers, when amoebae are present, is 
not so sharp as when bacterial cultures alone are considered; thus on 
soils there is no correlation in the un manured and minerals, and in sand 
the same obtains for peptone and soil extract, but the ammonium 
sulphate and nitrate of soda sand cultures give a y 2 over 4 and the 
farmyard manured soils one of .‘V9. Such divergent results are only to 
be expected when it is remembered that the amount of carbon dioxide 
given off by amoebic respiration would often be sufficiently great to 
mask the direct effect, from carbohydrate decomposition; and that this 
latter is conditioned by the continual fluctuations between the numbers 
of bacteria and amoebae. When the action of the amoebae on the 
amount of carbon dioxide produced is considered it is found that, in the 
case of sand cultures, amoebae decrease the amount of carbon dioxide 
given off when peptone is used, but increase the amount in the case of 
soil extract and of the mineral solutions with glucose (Figs. 1 and 2). 
When comparing each 24-hour period for the cultures, with or without 
amoebae, in soil extract, on 70 per cent, of the occasions more carbon 
dioxide was produced when amoebae were there; in the case of mineral 
salts and glucose there were 66 per cent, of times when the carbon dioxide 
was higher with amoebae, but in the case of peptone on 67 per cent, of 
the occasions the carbon dioxide was less in the presence of amoebae. 
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If the exceptions are examined the numbers are found to be even more 
significantly different than appears from the figures quoted. For instance 
in the soil extract cultures there are nine occasions when less carbon 
dioxide is produced where amoebae are present, but on five of these the 
bacteria are lower than is the case in the cultures of bacteria alone and 
the numbers of amoebae are negligible, and the same holds good for six 
out of the fourteen exceptions for the cultures with mineral salts and 
glucose. In the peptone experiments there are twelve cases where the 
amoebic cultures give more carbon dioxide than do the purely bacterial 
ones. In five of these the bacterial numbers are not significantly different 
in the two series of cultures, but the numbers of amoebae are very high, 
and the amoebic respiration might well bring up the output of carbon 
dioxide; in one case the bacteria were distinctly higher in the amoebic 
cultures and in two others the bacterial numbers were higher and the 
amoebae were also present in large numbers. Excluding therefore those 
which are explicable as shown above, the percentages of exceptions are 
reduced to 11, 20 and 10 per cent, in the case of soil extract, minerals 
and peptone respectively. 

In soils the results are not so clear cut; in the case of the farmyard 
manured soil where the expectation is that less carbon dioxide would 
be produced in the presence of amoebae, as is the case with peptone in 
sand, in actual fact this only occurred on 47 per cent, of the occasions, 
and out of the seventeen exceptions only seven could be explained as 
being due to the numbers of bacteria being higher in the series with 
amoebae. The un manured soil fell more into line with the sand treated 
with soil extract, in that the carbon dioxide produced was greater in 
64 per cent, of the cases where amoebae were present, but of the ten 
exceptions only one could be due to the small numbers of both bacteria 
and amoebae in the amoebic cultures. The soils from the ammonium 
sulphate and nitrate of soda plots were again unsatisfactory, since only 
50 per cent, of the cases gave higher carbon dioxide in the presence of 
amoebae, and of the fourteen exceptions only three could be accounted 
for by the low numbers of bacteria and amoebae in these cultures. 

In view of the complex nature of soil compared with the simple 
inoculated sands it would be expected that the results would not be 
so clear cut; further work is therefore contemplated on soils together 
with experiments testing the amount of carbon dioxide which can be 
ascribed to amoebic and bacterial respiration as distinct from that 
produced by carbohydrate decomposition. 
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Summary. 

Experiments are described on carbon dioxide production from soil 
and sand cultures containing a species of bacterium with and without 
amoebae. The following results were obtained : 

1. Carbon dioxide production and bacterial numbers are correlated 
provided that amoebae are not present, or are present in very small 
numbers. 

2. The bacteria are more efficient as producers of carbon dioxide 
when their numbers are not rising and less efficient when their numbers 
are increasing. This does not hold for young cultures. Also each bacterium 
becomes less efficient as the density of the population increases. 

3. The amoebae cause a decrease in carbon dioxide production in 
sands containing peptone, but an increase in sands containing mineral 
salt solution with glucose or soil extract 
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THE GROWTH OF FUNGI IN SOIL 1 

By e. Mclennan, d.sc. 

(University of Melbourne , Australia .) 

(With 1 Text-figure.) 

I. Introduction. 

It has long been recognised that the fungi are a normal constituent of 
the soil flora, but the condition in which they are present in the soil 
has been, arid still is, a debated point. Waksman(i2) devised a method 
which enabled him to state that some fungal forms, at least, exist in 
the soil in an active mycelial condition. He placed lumps of soil, pro- 
cured under sterile conditions, on to plates of Czapek's agar. After an 
incubation period of 24 hours hyphae were found to radiate from the 
edge of the soil sample into the medium. The short incubation period 
excluded the possibility of spore origin for the mass of mycelium formed, 
for similar plates inoculated at the same time with spores alone, showed 
only minute colonies just discernible to the naked eye. 

Brown (4) repeated these experiments and confirmed the results. 
Conn(<>) — who advocates a direct microscopic examination of the soil 
for arriving at a quantitative estimation of the numbers of soil organisms 
— reported the almost entire absence of mould hyphae from soil smears 
examined by him and stained as directed with Rose Bengal in carbolic 
acid — a method primarily designed for the detection of bacteria in soil 
in this direct way. Later (1922) he modified the technique and substi- 
tuted wet mounts instead of dry and used as a stain methylene blue, 
with the result that he could demonstrate fungus filaments in practically 
every soil he examined, but still they proved to be far from abundant. 

Winogradsky (17) employs the direct microscopic method in his 
study of the soil and favours the view that the fungal constituents 
of the soil are present as spores, which become active, and therefore 
converted into the mycelial phase on the addition of an organic sub- 
stance, e.g. cellulose, to the soil. 

1 From the Department of Mycology, Rothamstcd Experimental Station, Harpenden, 
Herts. 
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Parallel with the above issue and to be considered alongside with it, 
may be ranked the attempts made to determine the number of fungi 
in any soil (Waksman(i3, 14) and Brierley (2)). The method most usually 
employed has been a dilution method, whereby a fraction of a soil 
suspension after suitable dilution is plated out in a series of petri dishes 
which are later poured with a cooled nutrient medium, incubated for 
5-9 days and the nujnber of fungal colonies appearing on each plate 
then counted. From this the number present in the original sample are 
calculated. The factors involved in this quantitative technique have 
been more recently studied by Brierley, Jewson and Brierley (3) of the 
Rothamsted Experimental Station and many of their methods have 
been adopted in the present investigation. 

Conn (6) has pointed out that a large plate count may simply be due 
to the fact that an organism may have sporulated and may not neces- 
sarily indicate that fungi are playing any outstanding role in that par- 
ticular soil. The following experiments are of interest in this connection. 

II. Growth of pure cultures of fungi in sterilised soil. 

Soil which had been sterilised by autoclaving was inoculated with 
equal numbers of spores of each of four different fungi, viz. Allernaria 
Jiumicola Oud., Penicilliuw lilacinum Thom., Trichodcrma Koningi Oud. 
and V erticillium (Acrostolagmvs) cinnabarinus Corda. from cultures 
previously isolated by Brierley from Rothamsted soils. The number 
of spores per 1 c.c. of inoculum was determined by means of a Biirker 
haemocytometer. One c.c. of a suspension containing 3040 spores 
(760 of each genus) was added to 300 gm. of sterile soil, i.e. 10 spores for 
every gram of soil. This was kept at 9° C. together with an uninoculated 
control flask. At the same time triplicate plates of three different media 
(soil agar, Coons’ agar and Conn’s glycerine sodium-asparaginate agar) 
were inoculated in the centre with spores of the above fungi and incubated 
alongside the flasks. A temperature of 9° C. was chosen as convenient, 
for it delayed the sporing phase of some of the forms (see Fig. 1) and thus 
enabled one to compare the relative number of colonies of sporing and 
non-sporing forms which developed on the plates. The rate of growth of 
those forms in pure culture at this temperature was measured in terms of 
the increase in diameter of the colonies from day to day. 

One week after the flasks had been inoculated, 10 gm. of soil were 
removed under sterile conditions and plates poured by the dilution 
method. Eight plates each for a range of dilutions from 1/80 to 1/20,480 
were poured with the result set out in Table I. 
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Fig. 1. The diameter represents the average of the growth on three media, viz. soil agar, 
Coon’s agar and Conn’s agar. Plates incubated at 9° C. 


Table I. 

The number of colonies obtained over a wide range of dilutions from a, soil 
sample one week after inoculation with a mixture of spores from four 
different kinds of fungi. 


Dilution 

Average number of colonies 
per plate 

1 in 80 

40-37 ±1-7 

1 in 100 

20-87 ±1-7 

1 in 320 

9-43 ±0-9 

1 in 040 

4-62 ±0-8 

lin 1,280 

3-12 ±0-4 

1 in 2,500 

1-02 ±0-4 

1 in 5,120 

0-50 ±0-15 

1 in 10,240 

0-25 ±0-13 

1 in 20,480 

0-12 iO-04 


An analysis of the population showed that at the end of seven days 
the only form appearing on the plates was Alternaria humicola. 

Reference to Fig. 1 shows that at this date both Alternaria humicola 
and Trichoderma Koningi in pure culture had approximately equal colony 
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Table II. 

An analysis of the population appearing on the plates one week after 
the inoculation of the soil sample. 


Plates ... 1 2 3 4 


Dilution 

7~ 

P 

V 

~~T 

T~ 

P 

V 


7" 

P 

V 

~T 

7“ 

P 

V 1 

1 in 80 

45 




36 




42 




39 



1 in 160 

16 




19 




16 




28 



1 in 320 

10 




11 




6 




13 



1 in 640 

4 




3 




6 




2 



lin 1,280 

3 




3 




3 




5 



1 in 2,560 

• 




2 




2 




1 



1 in 5,120 

1 




. 




. 




1 



1 in 10,240 

. 




2 




. 




. 



1 in 20,480 

. 



• 

. 




. 




1 




Plates ... 
Dilution 



A P V T A P V T 




A P V T 


1 in 80 44 . . 

1 in 160 24 

1 in 320 7 . . 

1 in 640 8 

1 in 1,280 3 . 

1 in 2,660 

lin 6,120 1 . 

1 in 10,240 . . . 

1 in 20,480 ... 

A ~ Aliernnria humicola , 
T = Trichoderma Koningi. 


47 . 34 


17 . . 

23 . 

Spoilt 

9 . 

4 . 

8 . 

5 . . 

1 . 

3 . 

2 . 

1 . . 

. 

* — Penicillium 

liUicinum , ] 


36 

24 

10 

2 

2 

3 


Verticillium cinnabar inus , 


Table III. 

The number of colonies per plate eleven days after the 
inoculation of the soil sample. 

Average number of colonies 
Dilution per plate 


1 in 

80 'j 


1 in 

160 i 

Too crowded for accurate counts 

1 in 

320 J 


1 in 

640 

132-75 ±4-9 

1 in 

1,280 

70-87 ±0-88 

1 in 

2,560 

38-25 ±2-1 

1 in 

5,120 

19-37 il-15 

1 in 

10,240 

12-5 ±1-3 

1 in 

20,480 

5-62 ±0-78 
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diameters. Alternaria , however, was sporing whereas Trichoderma was 
entirely in the vegetative condition, and the mycelial development was 
apparently not sufficiently great to produce colonies with the amount 
of fragmentation induced and the dilutions used. 

Eleven days after inoculation a further 10 gm. of soil were removed 
after thoroughly shaking the flasks, diluted through the same range 
and plated out as before (Tables III and IV). 

Table IV. 

Analysis of the population after eleven days of incubation 


Plates ... 


1 



of the soil sample. 

2 

A 

3 




4 



Dilution 

A 

P 

V 

T 

'a 

P 

V 

T 

A 

P V 

T 

A 

P 


V 

~T 

1 in 80 

Rest 

15 

. 


Rest 

4 



Rest 

7 . 


Rest 

2 




1 in 160 

Rest 

2 

1 


All 

. 



Rest 

3 . 


Rest 

. 


2 


1 in 320 

Rest 

3 



Rest 

3 



Rest 

4 . 


All 





1 in 040 

147 

1 



143 

3 



129 



135 

2 




1 in 1,280 

09 

1 



08 




70 

1 


71 

3 




1 in 2,500 

30 

1 



38 




45 

1 . 


46 

. 




1 in 5,120 

19 




21 




20 

, . 


16 





1 in 10,240 

19 




15 




9 

. 


14 

1 




1 in 20,480 

5 

. 



2 

• 



5 

• 


4 





Plates ... 


5 




6 




7 




8 

















A_ 



Dilution 

A~ 

P 

V 

— ^ 
T 

A 

P 

V 

T 

A 

P V 

~T 

T” 

P 


V 

~~T 

1 in 80 

Rest 

11 



Rest 

3 

, 


Rest 

10 1 


Rest 

8 




1 in 160 

Rest 

5 



Rest 

4 

1 


Rest 

5 . 


Rest 

7 




1 in 320 

All 




Rost 

o 



Rest 

3 1 


Rest 

2 




1 in 040 

119 

1 



109 

1 



125 

1 . 


144 

2 




1 in 1,280 

70 

1 



74 

1 



09 

1 . 


67 

1 




1 in 2,560 

32 

. 



42 




32 

. 


39 

♦ 




1 in 5,120 

10 

1 



17 

. 



18 

. 


21 

. 




1 in 10,240 

9 

1 



12 

. 



7 

. 


13 

• 




1 in 20,480 

8 




7 




5 


• 

9 

• 


• 

• 

The analysis again 

shows that the 

population 

of the plates 

was 


almost entirely Alternaria humicola , although the mycelial development 
of Trichoderma Koningi measured in terms of its colony diameter in 
pure culture is far in excess of that of Alternaria. In the lower dilutions 
a few colonies of Penicillium lilacinum appeared. Sporing in this case 
evidently occurred at about this time but was not evident to the eye in 
the pure cultures until the 13th day. 

Twenty-seven days after inoculation 10 gm. were again removed and 
plated as before (Tables V and VI). 
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Table V. 


Number of colonies per plate twenty -seven days after the 
inoculation of the soil sample. 


Dilution 
1 in 1,280) 
1 in 2,500) 
1 in 5,120 
1 in 10,240 
1 in 20,480 


Average number of colonies 
per plate 

Plates too crowded 

103-87 ±2 
47-87 ±0-9 
29-62 ±2-8 


Table VI. 


Analysis of the population twenty-seven days after inoculation . 


Plates... 

1 




2 




3 




4 



Dilution A 

P 

V 

T 

A 

P 

V 

T 

A 

P 

V 

T 

A 

P 

V 

T 

1 in 1,280 Rest 

124 

4 

*■» 

Rest 

111 

5 

2 

Rest 

134 

2 

2 

Rest 

109 

1 

2 

1 in 2,560 Rest 

79 

6 

1 

Rest 

63 

6 

2 

Rest 

98 

9 

2 

Rest 

84 

7 

3 

1 in 5,120 50 

43 

4 

2 

54 

44 

6 

2 

52 

40 

6 

2 

50 

50 

4 

. 

1 in 10,240 21 

27 

3 

1 

18 

28 

2 


25 

20 

3 

2 

20 

25 

2 

1 

1 in 20,480 16 

17 

3 


10 

10 

4 


14 

17 

1 

. 

11 

11 

2 


Plates... 

5 



6 




7 




8 



Dilution A 

P 

V 


T~ 

P 

V 

— \ 

T 

T~ 

P 

V 

— ■> 

T 

A 

P 

V 

~T 

1 in 1,280 Rest 

153 

4 

2 

Rest 

130 

6 

1 

Rest 

135 

4 

3 

Rest 

124 

5 

2 

1 in 2,560 Rest 

71 

10 

1 

Rest 

92 

7 

1 

Rest 

90 

7 


Rest 

70 

8 

2 

lin 5,120 51 

39 

6 

2 

53 

45 

4 

1 

53 

56 

5 

2 

52 

49 

9 


1 in 10,240 19 

25 

1 


23 

25 

. 


20 

22 

1 


29 

18 

2 


lin 20,480 12 

13 

1 

1 

16 

12 



13 

23 

2 


13 

14 

1 



At the end of twenty-seven days the numbers of Penicillium arid 
Alternaria colonies were approximately equal to one another. This is 
due to the large number of Penicillium spores as opposed to the smaller 
number of large spores in Alternaria but reference to Fig. 1 shows the 
wide variance in the amount of mycelial development in the two cases. 

These results show very clearly that the number of fungi occurring 
in soil, calculated by the dilution- plating method, can give no idea of 
the relative abundance or extent of the forms actively growing at any 
time in this substratum. Conn (6) attributed the paucity of fungal 
myeblium in soil as revealed by his technique to the fact that “fungus 
growth is not sufficiently abundant in that particular soil to show under 
the microscope.’ ’ He further states that there is no real inconsistency 
between the high counts of fungi reported by Brierley(2), Waksman(i4) 
and others, and his own small estimates, “for a colony of Aspergillus 
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growing on an agar plate bore spores enough to give a plate count of 
300,000 per gm. provided they were distributed evenly throughout a 
kilo of soil and every spore was capable of growth, yet such a small 
amount of mycelium would be added to the soil that only one fragment 
of mould hyphac would be found in every 3000 microscopic fields.” 

The only conclusion one can draw from these statements is that 
Conn considers that the fungi arc present in the soil largely in the spore 
state, and, so, high plate counts and feeble development of mycelium 
in soil, if this assumption is correct, arc in no way contradictory. 

III. Effect of drying under controlled conditions on the 

FUNGAL POPULATION OF THE SOIL. 

The questions then arise: “What is the condition of the fungi in 
the soil?” “Do spores predominate over vegetative mycelia?” and 
“ What interpretation are we to place on plate count results? ” 

Waksman, as already pointed out, has demonstrated the fact that 
some active mycelium does occur in the soil, but apart from this there 
has been no attempt to try and measure the extent of this active phase 
or, indeed, to separate the active and spore members of the soil. In 
order to reach some conclusion in this matter the following experiments 
were performed. 

A sample of soil was collected under sterile conditions and from it 
two representative samples of 10 gm. each were weighed out. 

One of these 10 gm. samples was immediately placed in 100 c.c. of 
sterile water and vigorously shaken for half an hour. Fifty c.c. of this 
suspension was transferred by sterile pipettes to 50 c.c. of sterile water 
and so on until the desired dilution was reached. Sixteen 1 c.c. portions 
of the final dilution were then placed in petri dishes and the plates 
poured with Conn’s glycerine sodium-asparaginate agar of a pll 4-7. 
The plates were incubated at room temperature and counts made of 
the colonies which developed. 

The other sample was transferred to a sterile petri dish and placed 
in a desiccator over calcium chloride to dry. In order to hasten drying 
a vacuum desiccator was chosen and a cotton-wool plug was inserted 
between the pump and tap of the desiccator when the latter was dis- 
connected from the pump. Air, before entering, had to filter through 
the plug and so the entrance of air-borne spores to the soil by the inrush 
of air was prevented. 

The sample was left till dry ; the usual time was three days, but drying 
was evident in a much shorter time. It was then removed from the 
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Table VII. 

A comparison of the number of colonies obtained from an untreated, soil 
sample and the number obtained from a similar sample that had been 
dried in a desiccator before plating. 

Sample A. Dilution 1 in 20,480. Plates incubated for 10 days (counts made on the 
3rd, 5th, 7th and 10th day). 

Untreated soil Treated soil 




Total 

Fungal 

Total 

Fungal 

Plates 

population 

population 

population 

population 

1 


81 

11 

3 

0 

2 


77 

7 

3 

1 

3 


04 

8 

3 

0 

4 


118 

10 

0 

0 

5 


57 

13 

1 

0 

6 


07 

14 

3 

2 

7 


61 

6 

0 

0 

8 


90 

10 

2 

0 

9 


61 

11 

3 

0 

10 


107 

8 

0 

0 

11 


55 

7 

6 

2 

12 


98 

11 

2 

2 

13 


100 

10 

1 

0 

14 


78 

11 

3 

3 

15 


63 

10 

2 

0 





3 

0 

Average 

78-8 ±5-2 

106 ;fc0-8 

21 ±010 

0*62 ±0-25 



Table VIII. 



Number of colom 

ies obtai 

ned from 

a similar 

sample (see Table VII) which 

had been stored in the laboratory while desiccator sample 

5 was drying. 


Plates 

Total population 

Fungal population 


1 


43 

10 



2 


62 

11 



3 


53 

7 



4 


33 

8 



5 


68 

8 



6 


23 

7 



7 


35 

7 



8 


25 

10 



9 


110 

9 



10 


55 

9 



11 


60 

8 



12 


52 

8 



13 


190 

7 



14 


76 

10 



15 


33 

7 



Average 


02±ll-3 

8*4 ± 0-3 
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desiccator and plated in identically the same way as the untreated 
sample, the same batch of medium being used in both cases. The results 
of the two platings were then compared (see Table VII). 

As a check against this result a 10 gm. portion of the same soil 
sample was placed in a sterile container which was closed with a cotton- 
wool plug and kept in the laboratory for the same length of time as the 
sample was kept in the desiccator. This was plated out in the same way 
and at the same time as the latter. The results are shown in Table VIII. 

As there is no significant difference between these results and those 
from the untreated sample, any biological changes taking place in the 
soil during the storage-period of three days does not account for the 
decrease in numbers obtained on plating out the treated sample. 

The results for similar samples are given in the following tables. 


Table IX. 


Averages obtained from further samples subjected to the same treatment. 

Dilution 1/20,480. 



Period 
of incu- 
bation 
(days) 

No. 

of 

plates 

Untreated soil 

Treated 

. A 

soil 

Sample 

r 

Total 

population 

Fungal 

population 

Total 

population 

Fungal 

population 

B 

8 

10 

33-7 ±3 35 

11-56 ±0-84 

4-4310-77 

1 ±0-18 

C 

12 

16 

163-7 ±917 

8-8 ±0-74 

84-5 ±4-01 

1-06 ±0-30 

1) 

9 

8 

142-513-7 

25-2 ±1-8 

120-75 ±4-2 

3 ±0-71 

As the fungal colonies were 

practically eliminated from 

the plates 


by this treatment when using a dilution of 1 in 20,480, lower dilutions 
were next used and parallel results were obtained, as shown in Table X. 


Table X. 


Period of 


Fungal colonics* 

incubation 

No. of 

( A_ 

^ 

Sample (days) 

plates 

Untreated soil 

Treated soil Dilution 

E 7 

16 

199 ± 4-37 

13*7 ±0-8 1 in 320 

F 7 

16 

326-25 ±18-15 

5-56 ±0-52 1 in 640 

* Theso plates were 

examined microscopically and 

the fungal colonies counted in 

this way, for owing to the large number developing on 

the plates many did not reach 


macroscopic proportions. 


In order to see if the reduced pressure was in any way responsible 
for the result in addition to the drying factor, a sample of soil was placed 
in the desiccator and allowed to dry over calcium chloride at ordinary 
air pressure. When dry it was plated out as before. The results are 
given in Table XI. 
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Table XI. 

Number of colonies per plate from soil dried at air pressure . 


Untreated Treated (dried at air pressure) 


Plates 

t — 

Total 

population 

Fungal 

population 

Total 

population 

Fungal 

population 

1 

162 

0 

74 

0 

2 

180 

13 

55 

4 

3 

135 

11 

88 

0 

4 

191 

7 

90 

0 

5 

115 

4 

62 

1 

6 

172 

10 

68 

1 

7 

184 

7 

76 

1 

8 

166 

8 

no 

2 

9 

198 

9 

86 

1 

10 

137 

10 

69 

<> 

11 

144 

9 

116 

0 

12 

170 

8 

107 

4 

13 

155 

11 

72 

1 

14 

186 

6 

93 

1 

15 

193 

14 

68 

2 

16 

206 

9 

77 

5 

Average 

168-37 ±6*07 

9 ±1-57 

81-93 ± 4-41 

l-56:|0-37 


Experiments were then made to determine the length of time it was 
necessary to leave the soil sample in the desiccator to obtain a definite 
depression in the number of fungal colonies developing on the plates 
(Table XII). 

Table XII. 

Effect of varying periods of time in desiccator on number of 
colonies per plate. 


Time in 
desiccator 

Period of 
incubation 

No. of 

Total 

F nilgai 

(hours) 

(days) 

plates 

population 

population 

0 (control) 

7 

10 

196-5 ±3-75 

8-25 ±0-465 

4 

7 

16 

174-43 ±3-35 

8 ±0-24 

18 

7 

16 

121-8 ±8-9 

1-50 ±0-29 


Summarising these results, it is evident that when soil is dried in 
such a way as to exclude air contamination and then plated out by 
the dilution method the number of fungal colonies per plate is markedly 
decreased. In fact the whole population tends to show this depression ; 
in some soils this is much more marked than in others. 

Allison (i), when working on the biological changes in soil during 
storage, made a few determinations on the numbers of organisms in 
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air-dried soil as against the numbers present in a moist sample of the 
same soil. He found that air-drying caused a decided decrease in bac- 
terial numbers in most cases, but the extent of the decrease seemed to 
depend largely on the kind of soil, a conclusion which is supported by 
the above figures. Too much reliance however should not be placed on 
the bacterial counts, for the acid medium used suppresses the develop- 
ment of many of the soil forms. He did not obtain any marked decrease 
for fungi, but this is not surprising as the soil was spread out to dry 
“in the open air of the dark incubating room.” 

These facts seem to indicate that the fungi are present in the soil 
almost exclusively in the active mycelial condition and when the soil is 
dried the hyphae are killed and therefore the low count results. That 
there is no induced formation of spores as a result of the subjection of 
the sample to drying is also evident from the low figures obtained. It 
may be argued that fungi inoculated into sterile soil not only grow 
luxuriantly but spore abundantly. However, soil which has been auto- 
claved is radically altered from a physical, a chemical and a biological 
standpoint. In its enriched condition, which is accompanied by a com- 
plete suppression of all biological competition, it serves simply as a good 
nutrient medium and consequently fungi inoculated into it run riot 
and carry out their normal life-cycle. 

In order to obtain further evidence to support the contention, that 
the mycelial phase is all-important in the soil, a suspension of frag- 
mented pieces of mycelia of Trichoderma Koningi , which had been grown 
in Richard’s solution, was thoroughly shaken up with sand and also 
with sterilised soil. The resulting samples were placed in sterile petri 
dishes, transferred to the desiccator, the lids removed and left to dry 
out over calcium chloride and were finally plated out at a dilution of 
1 in 040. A similar suspension was plated out directly at the same 
dilution. The number of colonies which developed per plate were com- 
pared in the two cases (Table XIII). 


Table XIII. 

Nos. of colonies 


Plated immediate!, 

20 

18 

21 

25 

10 


Plated after drying 

1 

0 

1 

2 

0 
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Similarly, a suspension was made of the spores of four different fungi 
(Penicillium lilacinum , V erticillium cinnabar inus , Trichoderma Koningi 
and a green Penicillium) and 2 c.c. of this suspension was thoroughly 
mixed with 10 gm. of sterilised soil and placed in the desiccator to dry, 
after which it was plated out at a dilution of 1 in 2560. Two c.c. of the 
same suspension was then shaken in another 10 gm. of soil; this was 
plated out directly at the same dilution and the number of colonies per 
plate in each case were again compared (Table XIV). 

Table XIV. 

Nos. of colonics 

( A ^ 

Plated immediately Plated after drying 


34 

26 

30 

28 

2G 

28 

29 

30 

36 

39 


These results show clearly that drying of the soil samples would 
not prevent the subsequent germination of the fungal spores if present 
in the soil when plated out on a nutrient medium, whereas all the 
mycelial hyphae can be eliminated by this method and a comparison 
of the counts both before and after drying gives a measure of the activity 
of fungi in any particular soil. High plate counts, therefore, obtained 
by the dilution method suggest large mycelial development. 

A further experiment was devised to test this point. Samples, each 
of 10 gm. of soil, were placed in a series of petri dishes and autoclaved 
at 20 lb. pressure for three periods of 20 mins. each. To each was then 
added 1 c.c. of a suspension of spores of three different species of soil 
fungi, viz. Penicillium sp. V erticillium dnnabarinus and Macrosporium 
sp. One sample was plated immediately on to Conn’s glycerine sodium- 
asparaginate agar at a dilution of 1 in 20,480 (series A), a corresponding 
sample was placed immediately in a vacuum desiccator over calcium 
chloride and after two days similarly plated (series A x ). The remainder 
were incubated, one pair of samples for three days , the other for six days at 
25° C. At the end of the third day, one was again plated at the same dilution 
without drying; a corresponding sample was placed in the desiccator 
for two days and then plated (series B and B x ). At the end of the sixth day 
one of the remaining samples was plated directly at a dilution of 1 in 
655,360 — this dilution was necessary owing to heavy sporing of the 
sample — the other was plated after drying (series C and C x ) (Table XV). 
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Table XV. 


Sample 

Period of 
incubation 
(days) 

No. of 
plates 

No. of 
colonies 

Dilution 

A 

6 

8 

17-12 £ M 

1 in 20,480 

Ai 

6 

8 

13-5 ± 0*9 

lin 20,480 

B 

6 

8 

251-87 ±11-3 

1 in 20,480 

B, 

6 

8 

149-12 £ 5-1 

lin 20,480 

C 

6 

8 

8-25 £ 0-5 

1 in 655,360 

C, 

6 

8 

5-37 £ 0-6 

1 in 655,360 


It will be noticed that the number of colonies developing on plates 
from sample Bj is not so great as the number developing from sample B. 
An analysis of the colonies showed, however, that the proportion of 
colonies of each species remained approximately the same, pointing to 
the fact that the depression is due to the suppression of mycelium in 
the dried sample for, if spores were killed, the proportion would tend to 
be irregular (Table XVI). 

Table XVI. 



Sample B 





Sample Bj 

A 


r 


Analysis 

A 

r 


Analysis 

Plates 

Total 

Verti- 

cilliiun 

■\ 

Pent’ 

allium 

Plates 

Total 

t 

Verti- 
c UUum 

Peni- 

cillium 

1 

228 

19 

Rest 

1 

155 

10 

Rest 

2 

239 

40 

9t 

2 

162 

12 

„ 

3 

318 

30 

»* 

3 

147 

13 

ff 

4 

244 

27 

>» 

4 

161 

8 

ff 

5 

285 

25 

»» 

5 

158 

13 

H 

6 

233 

38 

»♦ 

6 

153 

10 

If 

7 

241 

35 


7 

118 

11 

ff 

8 

227 

20 

»» 

8 

139 

11 

„ 


It is interesting to note at this point that Ludwig (ii), experimenting 
with cotton seed infected by the anthracnose fungus Glomerella gossypii , 
found that u storage in a very dry atmosphere, e.g. in a desiccator over 
calcium chloride, was found to prolong the life of the fungus to a great 
extent whatever the preceding treatment of the seed.” 

The fact that in no case were the colonies entirely suppressed by 
drying may be due to one or two factors. In the first place, as lack of 
time has necessarily made this work preliminary in character, no 
attempt was made to measure degree of drying and it may be that frag- 
ments of mycelium still retain their vitality at the end of the three-day 
drying period. More probably, however, as the surface layers were 
included in the original sample of soil used, some spores of air forms 
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may have been present; if so, these would withstand the drying period 
and appear on the plates. 

The results arrived at by the direct microscopic examination of soil 
seem to be in conflict with the idea here suggested — that fungi are 
present in the soil extensively, in fact practically entirely, in the mycelial 
condition. However, it is now well established that algae and protozoa 
are present in soils in numbers far exceeding those estimated by direct 
microscopic examination. Cutler (8) has shown that the factors governing 
the relation between the protozoa and the soil particles are those of 
surface action. The same factors are no doubt operative in the case, at 
least, of the unicellular algae and the acknowledged difficulty in demon- 
strating their presence by the direct method, although they may be 
present in the soil in large numbers, is thus explained. 

The fine fungal threads forming a network round the soil particles 
would, for similar reasons, be equally difficult to demonstrate in quantity 
and so no idea of the mycelial distribution can be gained by a direct 
soil examination. 


Summary. 

(1) Sterile soil was inoculated with a known quantity of spores of 
four different fungi, incubated at 9° C. and at intervals representative 
samples were plated out by the dilution method and an analysis of the 
plate population made. Results showed that high plate counts were 
not in any way connected with vegetative growth and supported Conn’s 
idea that in such a case one is simply measuring the sporing capacity 
of the forms used. 

(2) Samples of moist soil and of soil which had been dried in a vacuum 
desiccator over calcium chloride were plated out by the dilution method 
and the number of fungal colonies per plate compared. A marked de- 
crease was noted with the dried sample. The reduced pressure was found 
to have no effect as drying under ordinary air-pressure gave comparable 
results. 

(3) Suspensions in soil, and in sand, of fragmented mycelia and of 
a mixture of fungal spores, were in turn plated out directly and after 
drying. No colonies developed from the sample in the desiccator con- 
taining only mycelia, whereas the sample containing spores was in no 
way affected. It is suggested therefore that the decrease obtained after 
drying is due to the desiccation of the vegetative mycelium in the soil 
and since the reduction in the number of colonies per plate is very pro- 
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nounced after this treatment, it is thought that the normal fungal 
constituents of the soil are present extensively in the mycelial condition. 

In conclusion I should like to acknowledge my indebtedness and 
gratitude to Sir John Russell for offering to me the hospitality of the 
Rothamsted Experimental Station and to Dr W. B. Brierley, Head of 
the Department of Mycology, for placing at my disposal all the facilities 
of the Department and for his encouragement and helpful criticism 
during my work at the Station. 
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On the Influence of Light and of Glucose on the 
Growth of a Soil Alga. 


BY 

B. MURIEL BRISTOL ROACH, D.Sc. 

Rothamsled Experimental Station . 

With nine Figures in the Text. 

I. Introduction. 

T HE relative importance of photosynthesis and of the absorption of 
organic food materials in the nutrition of the algae living in soil is a 
subject of vital interest in the study of these organisms. For while the 
building up of organic material by photosynthesis is possible on the surface 
of the soil, and all of the species so far isolated are capable of growing in 
aqueous media containing mineral salts only, yet the addition of certain 
organic compounds to the medium does tend to increase the growth of 
many of the species even in the light, while in complete darkness photo- 
synthesis is quite impossible. The question therefore arises as to which of 
these two types of nutrition is the dominant one ; is, for example, the 
visible stratum of algae which appears in damp weather on the surface of 
the soil produced mainly as a result of photosynthesis, or is it largely built 
up from organic substances absorbed from the soil ? In other words, does 
such a stratum of algae contribute to the fertility of the soil by adding to 
it relatively large amounts of organic matter, or does it lessen the fertility 
by immobilizing organic and nitrogenous compounds that would otherwise 
be available for the crop ? 

A careful study of the literature dealing with the nutrition of the semi- 
saprophytic algae shows that except in the case of lichen gonidia, the most 
highly specialized perhaps of all algae, which only grow vigorously in the 
presence of peptone (Artari, Chodat, &c.), no clear experimental evidence 
has as yet been obtained on this point, and the general opinion seems to be 
that both processes are carried on simultaneously, even in the light. 

In a recent paper (1) the writer described a method by which the rela- 
tive rate of increase in bulk of a unicellular alga in pure culture, under 

[Annals of Botany, Vol. XLII. No. CLXVI. April, 1928.] 
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absolutely controlled conditions, could be measured with a fairly high 
degree of accuracy, and applied it to a study of the nutrition of the soil 
alga, Sccncdcsmus costulatns , Chod., var. chlorelloides . The rate of growth 
was taken as a measure of the metabolism of the organism in any given set 
of conditions, and by varying one condition at a time the quantitative effect 
of that condition on the metabolism of the alga could be determined- 
Details were given of two experiments which gave results that are relevant 
to the present subject. In the first (Part II, Section B, iii b), parallel 
cultures in a medium containing mineral salts only were compared with a 
control culture to which i per cent, glucose had been added, all the cultures 
being equally illuminated and continuously aerated ; and it was found that 
the calculated figures for the rates of growth in the parallel mineral salts cul- 
tures were respectively 0-266 and 0*263 (almost identical), while that for the 
glucose culture was 0 434. That is to say, the rate of growth due to photo- 
synthesis in the mineral salts medium was roughly 60 per cent, of that when 
glucose was present. 

In the second experiment (Part II, Section B, iv), two cultures con- 
taining 1 per cent, glucose in complete darkness were compared with an 
exactly similar culture placed in the light ; and though the conditions of 
this experiment were less satisfactory than those of the other experiments, 
the interesting fact was noted that the rate of growth of the more satisfac- 
tory culture in the dark was roughly 40 per cent, of that in the same 
medium in the light. The two experiments taken together seemed to indi- 
cate that the rate of growth of the alga in the glucose medium in the light 
was the additive result of two processes, viz. photosynthesis about 60 per 
cent, and the direct assimilation of glucose about 40 per cent. This led to 
the suggestion that probably ‘ the organism in the glucose medium in the 
light carries on normal photosynthesis and the assimilation of glucose inde- 
pendently of one another’ and simultaneously ; though it was pointed out 
that further evidence would be required before the fact could be regarded 
as established. 

This line of investigation seemed to be so promising and the method 
so suitable for the purpose that it has been followed up by a number of 
other experiments designed to throw further light on the subject, using the 
same organism and based on the same method ; the details of some of 
these experiments are described in the following pages, and show that the 
subject is more complicated than appears at first sight. 

The salient points of the method may be briefly recapitulated. (For 
full details and precautions see earlier paper.) The alga is grown in liquid 
media under constant external conditions in special culture flasks from which, 
after vigorous shaking, a daily sample is taken through the side arm. The 
number of cells per cubic millimetre of medium in the daily samples is 
counted under the microscope in a Btirker haemocytometer, and camera 
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lucida drawings are made of fifty consecutive cells. From these data, the 
cells in liquid media being approximately spherical, the daily volume of 
algal protoplasm per cubic millimetre of medium is calculated. It has 
been shown that the alga, under the conditions described, generally increases 
in bulk for about ten days according to the compound interest law of 
growth ; so that the logarithms of the calculated values for the volume of 
algal protoplasm when plotted against the number of days' growth are 
found to lie approximately along a straight line. The angle which this 
straight line makes with the horizontal axis gives a measure of the average 
relative rate of growth of the alga during this period, and may be deter- 
mined by calculating algebraically the equation to the straight line which 
most nearly fits the observed logarithmic values. The coefficient of x in 
this equation, being the tangent of the angle which the line makes with the 
horizontal axis, is used as a measure of this angle, and is a convenient figure 
to use in comparing the rates of growth of the alga under different condi- 
tions ; for in all experiments so far carried out, parallel cultures under 
identical conditions have been found to give approximately the same value 
for the coefficient of x. 

In attempting to assess the effect of any given condition on the growth 
of the alga, it is absolutely essential that the cultures to be compared should 
be grown under conditions that are otherwise identical. In the experi- 
ments to be described, temperature was controlled by growing the cultures 
with the bulbs of the flasks completely immersed in a large water-bath kept 
at 24*5° C. ; the source of light, except where otherwise stated, was a single 
opal 6o-watt bulb immersed in the water-bath to the same depth as the 
cultures ; and a uniform source of air supply for continuous aseptic aeration 
was secured for the more critical experiments by means of the special 
apparatus illustrated in Fig. 3 and described fully in Section III. 

II. Are Photosynthesis and the Assimilation of Glucose 

INDEPENDENT AND SIMULTANEOUS? 

An attempt to obtain a definite answer to this question was made by 
combining in a single experiment the two sets of conditions investigated 
in the two experiments mentioned in Section I, i.e. by comparing the 
effects of cutting out light and glucose separately in cultures derived from 
the same algal stock. 

Experiment /. Two similar aluminium water- baths were adjusted to 
keep at the same temperature, 24-5° C., by means of sensitive thermo-regu- 
lators (extreme variation about the mean not more than 0-05° C.), and 
were placed, one at a distance of about 6 ft. from the window of a north 
room, and the other in a specially constructed dark room where complete 
darkness was retained by surrounding the base of the water-bath and the 
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Bunsen burner attached to the thermo-regulator with a closely fitting cylinder 
of black paper. 

Four cultures were set up, three (A, B, and C) containing mineral salts 
+ i per cent, glucose and the fourth (D) containing mineral salts alone, and 
were inoculated with enough of a counted suspension of cells to give two 
cells per c.mm. of medium in the cultures. Cultures A and B were fitted 
with attachments for continuous aseptic aeration and placed in the bath in 
the dark room ; flasks C and D were similarly fitted and placed in the bath 
in the light. In this way it was possible to obtain information in regard to 
the behaviour of the parallel Cultures A and B in the dark, to the influence 
of glucose on the growth of the alga in the light by comparing Cultures C 1 
and D, 1 and to the influence of light on the growth of the alga in a glucose 
medium by comparing the mean of Cultures A and B with Culture C. 

If there were any truth in the suggestion put forward in the earlier 
paper, that photosynthesis and the assimilation of glucose are independent 
processes carried on simultaneously, one would expect to find, with such an 
arrangement of the cultures as that above, that the rate of growth in 
Culture C, to which both photosynthesis and glucose were available, would 
be approximately equal to the sum of the rates in D, restricted to photo- 
synthesis, and the mean of A and B, restricted to the assimilation of glucose. 

The logarithmic values of the bulk of algal protoplasm in the four 
cultures are given in Table I and plotted in Fig. i. 

It is seen by inspection of the diagram that the observed values for 
Culture C (glucose in the light) in the earlier part of the experiment lie 
very closely along the straight line calculated to fit most nearly the first 
eleven points, after which the relative rate of increase gradually falls off 
during the rest of the experiment. The growth of this culture was thus 
exactly typical of what has always been observed in cultures containing 
glucose in the light. The calculated equation to the line of nearest fit is 
y = 0*314^ + 2-574, so that the slope of the line, i.e. the relative rate of in- 
crease of the alga, is represented by the figure 0*314. 

The parallel cultures in the dark gave results that are astonishingly 
closely in agreement, but it is questionable whether the observed points can 
really be regarded as being represented by a straight line, at any rate after 
the first week's growth. On the contrary, there is a suggestion of 4-daily 
pulsations of increase in bulk, corresponding to successive reproductive 
phases, coupled with a gradual falling-off in the average relative rate of growth 
almost from the beginning of the experiment. Full details of the measure- 
ments are given in Table II for Culture B, in which the first point of fluc- 
tuation (day 4) is not evident. Up to and including day 7 of the experi- 
ment there was a steady increase both in the size of the cells and in their 

1 Parallel cultures under each of these two conditions were already known to behave identically, 
hence a single culture of each kind was enough for comparison. 
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numbers. On days 8 and 9 there was a considerable increase in numbers, 
which was reflected in a significant decrease in the average size of the cells, 
largely owing to the presence of a smaller proportion of very large cells due 
to their multiplication. Then followed a second steady rise in size of the 
cells up to day 15, with considerable increase in numbers on days 9 and 13, 

Table I. 

Bulk of Algal Protoplasm per c.mm. of Medium (log, values) in Aerated Cul- 
tures containing Mineral Salts alone and the same + 1 per cent . Glucose 
in Diffuse Daylight and hi Complete Darkness . 



Cultures 

in Darkness . 

Cultures in Diffuse Daylight. 

Day of 
Experiment. 

Glucose Medium. 

Glucose Medium . 

Mineral Salts alone. 

Culture A. 

Culture B. 

Culture C. 

Culture D. 

0 

>553 2 

2*5532 

2*5532 

2*5532 

1 

2-7937 

2-8147 

2-9191 

2*6571 

2 

3*0004 

3*0165 

3.1878 

2*7235 

3 

3 * 235 2 

3*1835 

3*4833 

2*9217 

4 

3*2833 

3*3448 

3 * 79*8 

2-9619 

5 

3 * 59 1 5 

3*5 7 ° 6 

4 * 139 ° 

2*8632 

6 

3*7701 

3*7994 

4*5403 

3 *i 550 

7 

3.9640 

3 * 95 ° s 

4*7701 

3.3668 

8 

3*8935 

3*876 7 

5 * 15^7 

3*2704 

9 

4-137 7 

4.2225 

5*4077 

3*2716 

10 

4 * 36 2 3 

4*3742 

56299 

3*4323 

1 1 

4.4854 

4*4399 

5*8775 

3*358i 

12 

4*6025 

45031 

6*2 138 

3*5475 

13 

4-7822 

4.7506 

6*3674 

3.6665 

H 

4*9681 

4*9326 

65144 

3*6264 

15 

5*0068 

4*9900 

— 

3*6653 

16 

4.9630 

5-0422 

6.5786 

3*6454 

17 

5* 1 897 

5*2261 

6-8360 

3-6760 

18 

5*3973 

5*2790 

6 ' 77°5 

3.7680 

*9 

5*2397 

5*2697 

6-8984 

3.7040 

20 

5*5424 

5-6202 

6-9451 

3*7638 

2 1 

— 

— 

— 

3*7657 

22 

— 

— 

— 

3.7090 

26 

__ 

— 


4.1761 


and so on. This gradual increase in size of the cells is a constant feature of 
cultures grown in the dark, and is one of their most striking characteristics ; 
the extreme variation in average cell diameter for Culture C (with glucose 
in the light) was only 6*1 fx-8 - 4 /m, while the fluctuation in Culture D was 
even less, 6-9 pt— 8-3 /x. One of the effects of glucose in the dark therefore 
appears to be to delay multiplication, without, however, imposing any 
seriQus restrictions on the possible dimensions of the individual cells. Occa- 
sional subspherical cells have been observed of which the diameter was 
up to 32 /x, while cells of 25 /x diameter were comparatively common. In 
contrast to this, the maximum size observed in Cultures C and D was 12 fi 
diameter, and this was only occasionally attained. 

Coupled with this great increase in size of cell was observed a certain 
amount of abnormality in method of multiplication (Fig. 2) similar to that 
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already described and figured in a medium containing fructose (1). For 
whereas normal multiplication into eight 
or more equal aplanospores was quite 
often observed, yet a fair proportion of 
cells multiplied abnormally by means of 
budding or by producing aplanospores 
of very disproportionate sizes. The 
presence in the cultures of cells of this 
type greatly increased the difficulty of 
obtaining accurate data in regard to both 
number and size of the cells, and it is 

possible that the apparent rhythm in the fig. 2. Enlarged cells o i Scenedesmus 

bulk curves may be due to experimental costulatus, var. chlorelloides, undergoing ab- 

A normal multiplication after growing in com- 

error. On the other hand, since the pletc darkness for five weeks in a ijiedium 

fluctuations correspond to successive re- mineral salts + 1 per cent ’ 

productive phases, they may indicate a 

slowing down of vegetative growth preparatory to multiplication such as 
would be obliterated by overlapping in the more rapidly multiplying cul- 
tures in the light. 

Table II. 

Experimental Details for Culture B. Glucose Medium in Complete 

Darkness. 



Day of 
Experiment . 

o 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
L3 
M 

15 

16 

17 

18 

J 9 

20 


Average 
Diameter 
of 50 L ells. 

o). 

69 

7 - 6 

8- 7 

9.2 

9 - 2 

9*5 

1 1 *o 
1 2-2 
I O' 2 
10*8 

10- 5 
109 

11 - 6 

12 
12-2 
1 2-1 

1 1 ‘4 
1 2*2 
io*7 
9*3 
io-8 


Average r 5 . 

No. of Cells 

Bulk (/i s ) 

Log. Bulk 

(^•) 

per c.tnm. 

per c.tnm. 


42*66 

2 

357 

2 * 553 2 

57-72 

2*7 

653 

2*8147 

88.59 

2*8 

1 ,039 

3 * 0 ! 65 

107-13 

3*4 

1,526 

3*1835 

112*35 

4-7 

2,212 

3 * 344 s 

128*75 

6*9 

3 , 7 2 i 

3 * 57 o 6 

192*87 

7*8 

6,302 

3*7994 

273-59 

7*6 

8,92s 

3 * 95 0 8 

159-05 

ii *3 

7,528 

3-8767 

189-75 

21 

16,690 

4.2225 

188*33 

3 ° 

23,670 

4’3742 

187*86 

35 

37,540 

4*4399 

245* 2 7 

3 i 

3 i » 8 50 

4*5031 

268*87 

50 

56,310 

4*7506 

32967 

62 

85,620 

4*9326 

271*3 

S6 

97,730 

4-9900 

232*76 

113 

1 10,200 

5*0422 

269*62 

149 

168,300 

5*2261 

226*92 

200 

190,100 

5*2790 

132*21 

204*47 

336 

487 

1 86. 1 00 

417.100 

5*2697 

5*6202 


Whether these fluctuations are genuine rhythms of growth, or whether 
they are merely the outcome of experimental error, there is no question that 
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for the first week’s growth the straight line of nearest fit to the observed 
values does represent fairly accurately what is happening on the average in 
the two cultures, for the equations calculated separately for the two sets 
of values are almost identical, viz. : 

y = 0’197^-f 2*584 (Culture A) 
and y — 0-197#+ 2-588 (Culture B), 

giving for both cultures an average relative rate of increase of 0*197, or 63 
per cent, of that in the same medium in the light. 

The values obtained for Culture D, in mineral salts alone in the light, 
are very much less regularly disposed than those obtained in earlier experi- 
ments under similar conditions ; and it was realized after several days that 
though the sun was shining brightly outside during most of the experiment, 
yet the intensity of the light within the water-bath in the north room was 
insufficient for really satisfactory growth by means of photosynthesis, much 
less in fact than had been obtained in the earlier experiments in a laboratory 
with an eastern aspect. The first eight points, omitting the sixth, which 
was recorded as probably subject to error at the time the observations were 
made, are distributed evenly about the calculated straight line of which the 
equation is 

y = 0-111*4-2*54 ; 

so that the average rate of growth during the first week is probably repre- 
sented fairly nearly by the figure 0*1 11, which is 35 per cent, of the rate in 
the glucose medium in the light. 

The experiment gives the very striking result, therefore, that if the 
rate of growth of the alga in a glucose medium in the light (in which both 
photosynthesis and the direct absorption of glucose are available) be 
expressed as 100, then that in mineral salts alone in the light (confined to 
photosynthesis) was about 35, while that in the glucose medium in the dark 
(confined to the direct assimilation of glucose) was 63. That is to say, the 
sum (98) of the rates of growth due to the two processes separately is 
approximately equal to the rate of growth (100) in the culture where both 
processes were going on at the same time, the difference being well within 
the limits of experimental error. 

The results of this experiment are therefore in direct support of the 
suggested hypothesis that the organism under investigation is capable cf 
carrying on both photosynthesis and the absorption of organic substances 
simultaneously without either process affecting the other. It was felt, how- 
ever, that further corroboration was required under conditions more favour- 
able to photosynthesis ; the experiment was therefore repeated under 
conditions in which continuous electric light served for illumination and an 
equal supply of carbon dioxide was ensured to all four cultures. 

Experiment II. The apparatus was set up in a single large water- 
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bath in the dark room, at a constant temperature of 24*5° C. A 60-watt, 
gas-filled, opal electric light bulb, the metal parts of which were carefully 
protected by insulating tape, was submerged centrally in a beaker of 
running water. This was contained in a larger empty glass cylinder weighted 
at the bottom with sand, and the whole immersed on one side of the water- 
bath (see Fig. 3). In this way a lateral illumination of the culture flasks was 
secured by means of a beam of light entering the water at the same angle for 
all flasks at equal depths and at equal radial distances from the source of light, 
while the running water and surrounding air-chamber prevented the heat from 
the submerged bulb from affecting the temperature of the water-bath. Flask 
A, containing mineral salts alone, and flask B, containing in addition 1 per 
cent, glucose, were placed in the bath at a radial distance of 16 cm. from the 
centre of the bulb. 1 Complete darkness for Cultures C and D, in mineral 
salts + 1 per cent, glucose, was secured by growing them in two culture 
flasks of which the bulb, neck, and side arm excluding the tap had been 
completely covered with a thick coating of electrolytically deposited copper, 
so that they could be kept at the same temperatures as Cultures A and B 
by being immersed in the same bath without any risk of penetration by 
light. 

In order to ensure that the four cultures received equal amounts of 
carbon dioxide for possible photosynthesis, they were all connected by 
means of glass and rubber tubing to a single inlet tube, and a common 
filter-pump served to draw the stream of air through the cultures. The 
arrangement of the tubes when assembled resembled, with a few minor 
differences, that described in detail and illustrated in Section III. 

Observations were recorded in this experiment for nine days only ; but, 
apart from the fact that Culture C in the dark became badly contaminated 
after the fourth day and had, therefore, to be disregarded owing to arrested 
growth, the curves obtained for the cultures showed no departure of the 
organism from its normal mode of behaviour under these conditions ; only 
the logarithmic values recorded for Culture D lay exceptionally close to 
the straight line calculated to fit them, and there was no suggestion of 
rhythm in the rate of increase during this period of growth. 

Cultures A and B exposed to light grew very much more rapidly than 
the corresponding cultures in the pievious experiment, especially that con- 
taining mineral salts only, so that the conditions of the experiment were 
evidently quite suitable for normal photosynthesis. 

The logarithmic values of the observed points are represented closely 
by the straight lines of which the equations are as follow : 

(i) y — 0*39 3-f 4- 2-57 for Culture A, in mineral salts alone in the light. 

1 Parallel cultures at equal radial distances from this source of light had previously been found 
to grow at approximately the same rates. 
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(ii) y — o*47^r+ 2*6 for Culture B, in mineral salts 4 * i per cent, glucose 
in the light. 

(iii ) y = 0*209# 42-67 for Culture D, in mineral salts 4* 1 per cent, glucose 
in the dark. 

Hence, the relative rate of growth in the glucose medium in the light 
(0-47) being computed at 100 per cent., that due to photosynthesis alone in 
Culture A (0*393) is 83*6 per cent., while that due to the absorption of 
glucose alone in the dark (0*209) is 44*5 per cent. 

Now the rate of growth in Culture D in the dark is very little different 
from the rate of growth in the corresponding parallel cultures in the previous 
experiment (o*jy7), and differs from the average obtained for eight similar 
cultures (0*207) by only 1 per cent. It therefore probably represents the 
average capacity of the alga to grow by means of the direct absorption of 
glucose under the conditions investigated. But since the capacity of the 
alga to grow under purely photosynthetic conditions is estimated at 83.6 
per cent, of that when glucose is also available for direct assimilation, then 
in the latter case either the rate of absorption of glucose has been cut down 
to nearly one-third of that possible in the dark, or conversely the photo- 
synthetic capacity of the alga may have been reduced to about two-thirds 
by the presence of directly available glucose ; or there may have been 
mutual interference between the two processes. 

The directly additive results, therefore, obtained in the earlier experi- 
ments appear to have been due to the accident that the cultures had been 
grown under conditions of relatively low light intensity, which reduced the 
rate of growth due to photosynthesis to a comparatively low figure. 

The apparently contradictory results in the two sets of conditions have 
led to a further series of experiments in an attempt to assess the influence 
of light of varying intensity upon the growth of the alga, both under purely 
photosynthetic conditions and in the presence of directly assimilable 
glucose. It was hoped at the outset that a simple numerical relationship 
would be found to hold between the rate of growth of the alga and the 
intensity of the light. This, however, is not so ; the relationship is not 
sufficiently simple for the determination of its character to be possible on 
the basis of the data available. 

This is largely due to the difficulty of estimating accurately the inten- 
sity of the effective light within a given culture, and therefore of correlating 
the results of separate experiments in which different electric-light bulbs 
necessarily had to be used ; and though the results obtained within a single 
experiment are comparable, yet the physical impossibility of dealing single- 
handed in a satisfactory manner with more than four cultures at a time 
renders the data inadequate for mathematical treatment. Certain facts 
which may be expressed in general terms, however, may be deduced from 
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the data, and these are presented by describing in detail two representative 
experiments. 

III. On the Effect of Varying Light Intensity on the 
Rate of Growth of the Alga. 

(1) Apparatus . 

During the course of the experiments under discussion, a number of 
difficulties were encountered which had to be overcome in order to ensure 
reliability of the results. These were chiefly concerned with keeping the 
cultuies uncontaminated during continuous aeration and with providing all 
cultures with an equal supply of air from the same source. The chief cause 
of the difficulties was the atmosphere of the dark room in which the experi- 
ments were conducted, which, in spite of the continuous working of an 
clectiic fan on the outer end of the ventilation tunnel, became completely 
saturated with moisture by evap oration from the rather extensive surface of the 
water-bath. When air was drawn through the cultures, some of this moisture 
condensed in the sterile cotton-wool plugs of the inlet tubes, providing a very 
favourable site for the growth of contaminating organisms ; while the exit 
plugs, after the passage of the air through the slightly warm cultures, 
became so sodden as occasionally to prevent completely the suction of the 
air. A number of devices were therefore adopted in order to combat these 
troubles as far as possible, and an apparatus was gradually built up, of which 
the final form is illustrated in Fig. 3. 

The bulbs of the culture flasks described in the earlier paper were 
immersed in a large circular water-bath at 24*5° C., painted inside with 
black paint to prevent reflections from its surface. The neck of each flask 
was fitted with a two-holed rubber stopper through which passed {a) a long 
inlet tube (j x ) that was attached to a two-bulbed calcium chloride tube 
(II j) full of cotton- wool outside the flask, and dipped to the bottom of the 
culture fluid, where it was bent at right angles and drawn out to an aperture 
of about iV in. diameter, and {b) a short exit tube (jj) bent towards the side 
of the neck away from the side-arm used for sampling. The outer end of 
the exit tube was bent twice at right angles and attached by means of a long- 
piece of flexible rubber tubing (to facilitate the shaking of the culture) to an 
apparatus (Kj) in which the moisture in the air current was condensed before 
it reached the sterile exit plug (Mj). The condensing apparatus had to be 
capable of sterilization in the autoclave, and consisted of a calcium chloride 
tube packed loosely with glass-wool to increase condensation and fitted 
into one hole of the rubber stopper of a small Erlenmeyer flask ; through 
the second hole in the stopper passed an exit tube bent at right angles and 
attached at its outer end to a calcium chloride tube (Mj) which was filled 
with cotton-wool and fixed beneath the bath, where the temperature was 
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slightly higher than that of the surrounding room. The stopper of the 
Erlenmeyer flask was made completely air- and water-tight with a coating 
of paraffin wax and immersed in a glass cylinder full of slowly running tap- 
water, being kept in position by means of a leaden collar. The moisture in 
the air stream condensed on the glass-wool and in the Erlenmeyer flask, at 
the bottom of which it gradually collected until, at the end of an experiment 
lasting two or three weeks, there was as much as 5-10 c.c. of water ; and 
the sterile exit plug under the bath consequently remained quite dry. It 
was connected by means of glass and rubber tubing with the exit tubes of 
the other flasks, and the common exit tube(N) was then attached to a single 
filter-pump, by means of which air was drawn through the apparatus. The 
rate of flow of the air current through the medium in the culture flasks was 
equalized by means of screw clips on the rubber connexions. 

In order to ensure a uniform supply of air to all the cultures of an 
experiment, the inlet tubes (h^ H 2 , &c.) were connected with one another 
by means of glass and rubber tubing, as shown in the diagram, to form 
a common inlet tube, the entrance to which was protected by means of 
a large calcium chloride tube (G) filled with cotton-wool. This in its turn 
was connected to an apparatus for washing and drying the incoming stream 
of air (A-F). The air was first filtered by passing through a small calcium 
chloride tube, loosely plugged with cotton-wool and fitted through one hole 
in the rubber stopper of a small empty Erlenmeyer safety flask (a) which 
was attached by a tube through the second hole in its stopper to a washing 
bottle half filled with a 1 percent, solution of sodium bicarbonate (n). After 
being washed in the bicarbonate solution, the moist air passed through 
a second empty safety flask (C) into a second washing bottle (d) one-third 
filled with concentrated sulphuric acid, whence it passed in a relatively dry 
condition. Owing to the large amount of water absorbed by the sulphuric 
acid, the washing bottle gradually became filled with liquid, and a certain 
amount of the acid was carried over by the air stream into the safety flask E 
in the form of a fine spray. To make quite sure that no acid could be 
carried into the cultures, the air stream was finally drawn through a bulb 
U-tube filled with small chips of marble (F), before being allowed to enter 
the common inlet tube at G. The value of this last precaution was observed 
at the end of an experiment, when the surface of the nearer marble chips 
was found to be coated with a layer of calcium sulphate. 

As mentioned above, the condensing apparatus (Kj) was cooled by 
means of tap-water running continuously through the outer glass cylinder. 
Owing to frequent fluctuations in the pressure of the main water-supply, 
it was found necessary to introduce a constant-level tank to serve as supply 
to the condensing cylinders to prevent their constantly overflowing. This 
took the form of a large aspirator bottle (P) filled to overflowing directly 
from a tap by means of a glass tube passing through one hole of a rubber 
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stopper in its neck. A wide bent exit tube through the second hole of the 
stopper served to carry away the slowly overflowing water, while a single 
glass tube fixed with a rubber stopper into the tubulure at the base of the 
bottle was connected to a branched glass tube, as shown in the diagram, 
and served all of the four condensing cylinders with a continuous supply of 
running water at a constant pressure. The rate of inflow for each condenser 
was regulated by means of a screw clip on its rubber connexion to be just 
sufficient to secure a continuous stream of alternate water and air bubbles 
in the narrow siphon tube provided to carry away the overflow from the 
condenser to the sink. 

The source of illumination of the cultures was a 6o-watt, opal electric 
bulb submerged in the bath as described on p. 325 for the last experi- 
ment ; but, whereas in the earlier investigation comparison was desired 
between cultures grown under conditions of equal illumination which could 
be easily secured by placing them at equal distances from the bulb, in the 
present series of experiments different intensities of illumination were required 
and could be secured only by placing the flasks at different distances from 
the source of light. Consultation with a number of physicists elicited the 
fact that methods for measuring relative intensities of light under conditions 
such as those existing in these experiments have not been worked out, and 
that the rule that the intensity of the light varies inversely as the square of 
the distance from its source, though at best only an approximation, probably 
gives as accurate a measure as any other more elaborate method. After 
a few trials an added complication was realized, in that the water-air sur- 
face of the bath was acting as a mirror, and providing, by total reflection fo 
the more oblique rays of light, a higher light intensity to the more distantly 
placed flasks than was their due. This difficulty was obviated by placing 
across the bath vertical barriers to cut off the upper beams of light, half-way 
between the bulb and the culture flasks, and at right angles to the direction 
of the rays. Each barrier (Oj and 0 2 ) consisted of a strip of copper 3^ in. 
wide, of which half an inch projected above the surface of the water and the 
rest extended below to the level of the top of the culture fluid and of the 
spherical part of the electric bulb. Beams of light striking the surface of 
water in front of these barriers, even if totally reflected, would not strike 
the culture flasks directly and would be absorbed by the black surface of 
the bath. Rays striking the surface of the water beyond the barrier would 
be reflected back at too oblique an angle to enter the culture fluid directly, 
and would not therefore cause a serious error in the intensity of the light 
within the culture fluid (see Fig. 3, where beams of light are represented by 
sparsely broken lines, and shadows by vertical shading). 
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This experiment is representative of several carried out in order to 
ascertain the effect of varying light intensity on the rate of growth under 
purely photosynthetic conditions. Four exactly similar cultures containing 
a mineral salts medium only were inoculated with enough of a suspension 
of the alga to give two cells per c.c. of medium in each flask. They were 



Fig. 4. Ground plan of the water-bath to show disposition of cultures in Experiment III. 
l, source of light ; A, B, c, L>, similar cultures at distances 3-5, 7, 14, and 17*5 inches respectively 
from centre of L : o x and o 2 barriers to prevent surface reflections; T, bulb of thermo-regulator. 


then placed in the bath in the positions shown in Fig. 4, at distances 3^ in. 
(a), 7 in. (I?), 14 in. (c), and 17^ in. (D) from the centre of the source of light 
(I.), so that the relative intensities of light in the four flasks were approxi- 
mately /, // 4, //16, and 1 / 25 respectively, while no flask interfered in any 
way with the light obtained by any other. The position of the two light 
screens is indicated by the two heavy curved lines across the bath. Daily 
samples were taken for eleven days, yielding the results given in Table III 
and plotted in Fig. 5. 

The straight lines of nearest fit to the observed values in the four 
cultures are expressed algebraically by the following equations : 

(i) y = 0*459 x+ 2*54 for Culture A, with relative light intensity of / ; i. e. 
growth rate is 0*459, or 100 P er cent * 

(ii) y — 0*351^4* 2*555 for Culture B, with relative light intensity of I/4; 
i. e. growth rate is 0*351, or 76 per cent, of A. 
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(iii) y = 0143*+ 2*593 for Culture C, with relative light intensity of I/i 6 

or 1/4 B ; i. e. growth rate is 0-143, or 3 1 P er cent - °f A, or 41 per 
cent of B. 

(iv) y = 0-103^4-2*611 for Culture D, with relative light intensity of I/\ 25 ; 

i. e. growth rate is 0-103, or 22 per cent, of A. 

Table III. 

Bulk of Algal Protoplasm per cmm . of Medium ( log . values) in Aerated Cul- 
tures containing Mineral Salts alone under Different Intensities of Light. 


Day of 

Culture A. 

Culture B. 

Culture C. 

Culture D. 

Experiment . 

Intensity I. 

Intensity 7/4. 

Intensity 1 / 16. 

Intensity 7 / 25. 

0 

2*5999 

2*5999 

2*5999 

2*5999 

1 

3*0115 

2*8142 

2-7474 

2*7694 

2 

3-3395 

3 -H 35 

2 - 8.573 

2*82 15 

3 

3 * 85 0 9 

3*6238 

3 * OI 4 ° 

2*8965 

4 

44544 

3 - 94 i 8 

3 -L 547 

2*8960 

5 

4* s 577 

4*4075 

3 * 3*73 

3*1380 

6 

5-3049 

4-6574 

3*4276 

3-2659 

7 

5 * 733 0 

5-0245 

3*5734 

3 * 4°94 

8 

5-8679 

5-3608 

3-8302 

3*3888 

9 

6*0249 

5 - 675 I 

3-8370 

3*6093 

10 

6*0823 

5*8998 

4*0464 

3*6706 

1 1 

6-2450 

5*9969 

4*1467 

3*6691 


An examination of these results reveals the fact that increasing light 
intensity does increase very considerably the rate of growth due to photo- 
synthesis when there is a uniform supply of carbon dioxide in all the flasks ; 
but that with low intensities the effect of increase in light is more marked 
than with higher intensities. For instance, in the Cultures C, B, and A the 
light intensities were roughly in the proportions 1:4:16, while the rates of 
growth were 0-143, °*35 1 » °*459 respectively ; that is to say, increasing 

the intensity of the light four times between Cultures C and B has increased 
the rate of growth about 2-5 times, while increasing the intensity four times 
between Cultures B and A has only increased the rate of growth 1*3 times, 
or about half as much as between Cultures C and B. 

This phenomenon has been observed constantly in these experiments, 
indicating that there is only a limited extent to which the growth rate may 
be increased by increasing the intensity of the illumination under the con- 
ditions imposed, and that above a certain optimum intensity the light loses 
progressively its efficiency in promoting photosynthesis. It is possible, of 
course, that some external limiting factor comes into play in the higher light 
intensities, such as an insufficient supply of carbon dioxide for increased 
photosynthesis, a factor which has so far not been investigated ; but in view 
of the results obtained from other experiments to be described later, it 
seems more likely that the falling-off is due to the working of some internal 
limiting factor in the cells, which restricts the increase of growth rate of the 
alga beyond an optimum value of about 0*475 under the conditions of these 
experiments. 




Number -of day? of experiment 


Fig. 6. Diagram showing growth rates of Scenedesmus sp. in a mineral salts medium under 
illumination of different intensities (Experiment III). Culture A, intensity /; Calture B, intensity 
//4 ; Culture C, intensity // 16 ; Culture D, intensity 7/25. For explanation see text. 

Z 
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On the other hand, there is some evidence to indicate that with inten- 
sities of light below a certain standard the rate of increase in growth rate 
is roughly proportional to the rate of increase in light intensity. This is 
suggested by the curve drawn in Fig. 6, which was obtained by plotting the 
logarithms of the growth rates against the logarithms of the light intensities 
(see Table IV). Here the points representing Cultures D, C, and B lie 
approximately on a straight line, whereas that for Culture A shows a con- 
siderable falling-off below the line ; while the general shape of the curve 
suggests that the illumination in Culture B was not far from the optimum 
intensity for its effective use in photosynthesis. The data are unfortunately 
too meagre, however, to regard these as more than tentative suggestions. 


Table IV. 
Data for Fig . 6. 


Culture . 

Relative 
Growth Rate . 

Log. Ret. 
Giowth Rate . 

Distance 
from Light. 

Intensity of 
Illumination. 

Log. 

Intensity. 

A 

o -459 

1-6561 

Inches. 

3 1 x 1 

I or 25 

1 *3979 

B 

°*35 1 

i *5453 

35 x 2 

// 4 or 6-25 

0’7959 

C 

0*143 

M 553 

34 x 4 

//?6 or 1-5625 

0*1958 

D 

o- 1 05 

1*0128 

35 X 5 

I j 25 or 1 

0*0000 


Further, there appears to be a limit of low light intensity below which 
photosynthesis cannot effectively take place. This is shown by the fact 
that whereas the logarithmic values for the bulk of algal protoplasm in 
Cultures B and C are unquestionably capable of representation as straight 
lines, with extremely slight deviation of the observed points, yet the growth 
of Culture D is obviously subject to periodic fluctuations in rate similar to 
those observed in the parallel cultures with glucose in the dark, and the 
straight line can only be regarded as an average expression of the changes 
in the culture during the experiment. Fluctuations in growth rate of this 
type have been observed in a number of cultures, especially in those grown 
with a low illumination or in complete darkness, and appear to be an indi- 
cation that the organism is growing under conditions not entirely favourable 
to its satisfactory development. Since the intensity of illumination in 
Culture C was only roughly one and a half times that in Culture D, there 
seems to be a very narrow range of illumination within which the phenomenon 
appears ; this is borne out by the results of other experiments. 

Finally, the rapid falling off in growth of Culture A after the eighth 
day had probably no connexion with the normal curve of increase, but was 
probably due to the growth of a contaminating fungus which made its first 
appearance on the ninth day, and increased so vigorously as to compete 
seriously with the further growth of the alga. 
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(3) Experiment IV . 

A number of experiments were carried out to test the effect of varying 
light intensity on the growth of the alga when glucose was present in the 
medium. The one described below was conducted similarly to the last 
experiment, except that x per cent, of glucose was added to the medium 
and that Culture D was grown in a copper-covered flask in complete dark- 



Fl(j. 6. Diagram showing that with light of low and moderate intensity, the rate of increase 
in growth rate is approximately proportional to the rate of increase in light intensity, hor explanation 
see text. 


ness 5 while Cultures A, 13 , and C were placed at distances .16 cm., 32 cm., 
and 48 cm. respectively from the light, and were therefore illuminated at 
relative intensities of L, L/> 4, and £/ 9 approximately. The adjustment of 
the thermo-regulator was accidentally altered slightly on the first day, 
resulting in a rise in temperature of the bath of 0*5 C. for the whole 
experiment Culture D unfortunately became contaminated with a fungal 
mycelium which was first observed on day 5> anc ^ by the rapid growth of 
its entangling hyphae soon made the counting of a representative sample 
quite impossible. Up to the date' of its appearance, however, the values 
for the bulk of algal protoplasm in the culture lie in a reasonably straight 
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line, and these values have been accepted as giving roughly the rate of 
growth of the organism in the dark for this experiment. 
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Experimental results are summarized in Table V and plotted in 
Fig. 7, in which the values for Culture A have been plotted twice, (a) with 
the first point at the origin common to all four cultures, and (/;), for the sake 
of clearness, with its first point at an independent origin. 

The straight lines of nearest fit to the experimental values are expressed 
algebraically by the following equations : 

(i) Culture A. y = 0*471* + 2-44 with an illumination of intensity L, and 

an average growth rate of 0-471, or 100 per cent. 

(ii) Culture B. y — 0*45*+ 2*42 with an illumination of intensity Z./4, and 

an average growth rate of 0*45, or 95*5 per cent. 

(iii) Culture C. y = 0-398*+ 2-45 with an illumination of intensity Lj 9, 

and a growth rate of 0-398, or 84-5 per cent. 

(iv) Culture D. y — 0-247*+ 2*556 in complete darkness, with an initial 

growth rate of 0*247, or 52 per cent. 

Table V. 


Bulk of Algal Protoplasm per c. mm. of Medium (log. values) in Aerated 
Cultures containing Mineral Salts + 1 per cent. Glucose , under Different 
Intensities of Light . 


Day of 

Culture A. 

Culture B. 

Culture C. 

Culture D. 

Experiment . 

Intensity L . 

Intensity Lf 4. 

Intensity Lj 9. 

Complete Darkness. 

0 

2-5250 

2-5250 

2-5250 

2-5250 

1 

2-8451 

28954 

2-9079 

2-8195 

2 

3*2375 

3-0902 

3-0783 

3-0734 

3 

3-7545 

3-7*92 

35606 

3 - 3* 8 7 

4 

4-4053 

43209 

4-0637 

3 * 5 * *6 

3 

4 * 999 ° 

4 - 693 2 

4 - 527 1 

3*5495 

6 

5 ' 4 1 52 

3-1422 

4 - 873 I 

3*6895 

7 

5-5862 

5-5220 

5-2292 

3-8193 

s 

6-1358 

6-0429 

5-6117 

(too badly con- 

9 

6-3383 

6-3036 

6*0351 

taminated to count) 

10 

6-66oo 

6-4742 

6-1697 


[ 1 

(flask broken) 

65657 

6-4004 


1 2 


6592 2 

65625 


1 3 


6-7809 

66153 


14 


6-9325 

6-7819 


*5 


6-9892 

6-9254 



The relatively small differences between the rates of growth of the 
alga in the three illuminated cultures, as compared with corresponding 
cultures in a medium containing mineral salts alone, is a very striking 
feature of the present experiment. In fact it is very doubtful, since the 
deviation of the observed points from the straight line calculated for 
Culture A is rather high, whether the difference in average growth rate 
between Cultures A and B is really significant ; but since similar small 
differences have been obtained on several occasions, and the values for 
Culture B are consistently a little lower than those for Culture A, it 
may be assumed for the sake Of argument that the small difference is 
a real one. 
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Now supposing that the alga can grow saprophytically at the expense 
of the readily available glucose at a definite rate depending on the con- 
centration of the glucose in the solution, then Culture D, in which the 
organism was solely dependent on this source of carbon, will give a measure 
of the rate of growth possible under these purely saprophytic conditions. 
And assuming that all the cultures could grow by direct absorption of 
glucose at the same rate, irrespective of their illumination, then the rates of 
growth in Cultures A, B, and C due to photosynthesis will be roughly the 
differences between their total growth rates and that of Culture D, viz. 
0-224, 0-203, and 0-151 respectively. That is to say, the alga in Culture B 
must have been carrying on photosynthesis at nearly the same rate as in 
Culture A, even though it was receiving light of only one quarter the in- 
tensity of that supplied to Culture A. 

But the results (not cited in detail) of an independent Experiment IV b } 
identical with Experiment IV except for the absence of glucose from the 
medium, gave values for the growth rates due to photosynthesis in flasks in 
the same positions respectively of 0*363, 0-206, and 01 40. It is a striking 
fact that the values obtained for the rates of growth due to photosynthesis 
in Cultures B and C under the two sets of conditions arc approximately the 
same in the two experiments, i.e. when calculated directly (Experiment 
IV b) or by difference (Experiment IV); this suggests that with the in- 
tensity of illumination in these two positions the two processes of photo- 
synthesis and the direct assimilation of glucose are indeed simply additive, 
as was indicated by the results of Experiment I. The values for the 
Cultures A, on the other hand, are very different in the two experiments, 
showing a potential photosynthetic growth rate of 0*363 when determined 
by direct measurement in Experiment IV b as against a value of only 0-224 
when calculated by difference in Experiment IV ; this indicates a direct 
interference between the two processes in the glucose medium with higher 
light intensities. Moreover, as already shown in Experiment III, a still 
further increase in illumination to nearly four times the intensity (Culture A, 
about 9 cm. away from the light) has the effect of increasing the growth 
rate due to photosynthesis alone to the still higher value of 0-459, whereas ? 
as will be seen in Experiment V, a similar increase in light intensity has 
very little effect on the rate of growth of the alga in a glucose medium. 

The results so far discussed show that under the experimental conditions 
investigated, the alga can grow at different rates according to the conditions 
imposed on it, but that there is a maximum value for the growth rate of 
about 0-475, beyond which the alga has not been observed to go. Under 
favourable conditions of light intensity this maximum growth rate can be 
almost attained as a result of photosynthesis alone, showing that the alga 
is capable of being an entirely self-supporting organism, and under such 
conditions the addition of directly available glucose to the culture medium 
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has very little effect in increasing the rate of growth. Under conditions of 
light less favourable to photosynthesis, the alga apparently is able to make 
use of directly available glucose in increasing amounts as the light intensity 
decreases, until it reaches a maximum rate of absorption equal to that 
which takes place in complete darkness. But the rate of growth due to the 
direct absorption of glucose has never been observed to be more than half 
the rate due to photosynthesis under favourable conditions of illumination ; 
so that it is reasonable to infer that in this species photosynthesis is the 
more normal mode of nutrition and that the saprophytic habit, as exempli- 
fied by the direct absorption of glucose, is a secondary process which comes 
into play under less favourable conditions. 

The experimental values for Culture A in this experiment have been 
plotted apart from those of the other cultures (Fig. 7, b) in order to demon- 
strate an effect which has been observed on a number of occasions in cultures 
grown under fairly high intensities of illumination. Statistical analyses of 
the curves derived from these experiments have not yet been fully made, 
but there is an indication that varying the intensity of the light induces 
changes not only in the slope of the logarithmic growth curve, but also in 
its shape; for whereas under illumination of moderate intensity the loga- 
rithmic values indubitably lie approximately along a straight line, yet 
slightly sigmoid curves of the type drawn through the values for Culture A 
(Fig. 7, b) arc not uncommon for cultures grown under higher light inten- 
sities, and in these cases the straight line of nearest fit can be regarded as 
representing only the average rate of growth over the period examined. 
It has already been pointed out that when the light intensity is low, 
periodic fluctuations may be observed in the logarithmic growth curve. 

The inferences deduced from the experiments described above have 
been drawn from a number of separate investigations which gave results 
that, though not identical owing to slightly varying external conditions, 
were sufficiently alike to justify their being used for comparative purposes. 
It was felt, however, that completely reliable evidence could only be 
obtained by observing in a single experiment the effects of different light 
intensities on algal material from the same source both in the presence and 
in the absence of glucose, as described in the next experiment. 


(4) Experiment V. 

The growth of four cultures was investigated, two in a medium con- 
taining mineral salts alone (B and D) and two in a medium containing in 
addition 1 per cent, glucose (A and C). Cultures A and B were placed one 
on each side of the electric bulb (E) at a radial distance of four inches from 
the centre of the bulb, with an illumination of intensity 16/; Cultuies C 
and D were placed side by side in front of the bulb at equal radial distances 
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of sixteen inches under a light intensity /, while reflections of light from 
the surface of the water were prevented by means of a single straight 
transverse barrier as shown in Fig. 8, o. In this way a measure was 
obtained of the effect of increasing the light intensity about sixteen times 

(a) in a mineral salts solution alone, by comparing Cultures A and C, and 

(b) in the presence of glucose, by comparing Cultures B and D, and also of 
the effect of adding i per cent, glucose to the medium in two different light 
intensities, by comparing Culture A with Culture B, and C with D. 



Fig. 8. Ground-plan of the water-bath to show disposition of cultures in Experiment V. 
e, source of light ; a and it, culture flasks at distance 4 inches, and c and i> culture flasks at 
distance 16 inches from centre of E ; B and i) containing mineral salts only, A and c I per cent, 
glucose in addition ; o, barrier to prevent surface reflections; T, bulb of thermo-regulator. 


The experimental data are summarized in Table VI and plotted in 
Fig. 9, the straight lines of nearest fit to the observed logarithmic values 
being expressed by the following equations : 

(i) Culture A. jr = 0*47 3^+ 2*51 8, 1 P er cent, glucose under light 

intensity 16 1, growth rate being 0*473, or 100 P er cent. 

(ii) Culture B. y = 0*462* 4 - 2*496, in mineral salts alone under light inten- 
sity 16 /, growth rate being 0*462, i. e. 98 per cent, approx, 
of A. 

(iii) Culture C. y = 0*377*4- 2-563, with 1 per cent, glucose under light 

intensity /, growth rate being 0*377, i. e. 80 per cent, 
approx, of A. 

(iv) Culture D. ^' = 0*151*4-2*614, in mineral salts alone under light in- 

tensity /, growth rate being 0*151, i. e. 32 percent, approx, 
of A, or 40 per cent, of C. 

During the whole course of the experiment, Cultures A and B gave 
astonishingly similar data, both in regard to the number of cells in the 
medium and to the size of the cells at the time of multiplication, and it is 



o 


2 


to 


4. 6 8 

Number oPdays oP experiment 

Fig. 9. Diagram showing rates of growth of Scenedesmus sp. (1) in mineral salts medium 
(Cultures B and D) at two different light intensities. / (Culture D) and 16 / (Culture B)» and (2) in 
glucose medium (Cultures A and C) at intensities / ^Culture C) and 16 c (Culture A), tor explana- 
tion see text. 
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to be inferred from this that the two cultures were growing as a result of 
the same physiological process, viz. photosynthesis ; for it has frequently 
been observed that in cultures in which the alga is partly or wholly depen- 
dent on the direct absorption of glucose the multiplication of the individual 
cells is often delayed until they have attained rather larger dimensions than 
is usual in a purely mineral salts medium. A statistical analysis of the 
data for these cultures has been carried out, and it is interesting to find that 
the divergence between the straight lines of nearest fit to the two sets 
of observations, i.e. the difference in rate of growth of the two cultures 
(o-ou), is less than one-fifth of the standard error of the observations them- 
selves (0*0613) and that the difference in rate of growth of the two cultures 
is therefore not significant ; hence, with an illumination of this intensity the 
addition of glucose to the medium has no power to increase the growth rate 
of the organism, which has apparently attained its optimum rate solely by 
photosynthesis. With Cultures C and D, on the other hand, the position is 
quite different, for apart from the fact that the dividing cells in Culture C 
showed an increase in size above the normal, the growth rate is more than 
double that of Culture D (0*377 to 0*131), showing that with light of this 
low intensity the saprophytic type of nutrition by direct absorption of 
glucose is dominant in Culture C. 

Taule VI. 

Bulk of A (if a l Protoplasm per c.mm . of Medium {log. values) in Media con- 
taining Mineral Salts alone and with 1 per cent. Glucose , under two 
Different Light Intensities. 

Light Intensity 16 /. Light Intensity L 


j-'u y vj 

Experiment . 

Culture A . 

Min . Salts + Glucose . 

Culture B . 
Min . Salts alone . 

Culture C . 

Min . Salts + Glucose . 

Culture IK 
Min . Salts alone . 

0 

2*5955 

2*5955 

2*5955 

2 *5955 

1 

2*9499 

2-9101 

2.9284 

2-7404 

2 

3-2900 

3 * 23 H 

3-2287 

2-9782 

3 

3*9720 

3*9190 

3*7264 

3-0207 

4 

4-5281 

4 ’ 37 8 3 

4*1041 

3*2472 

5 

4-9020 

4-7922 

4*4322 

3*392 1 

6 

5*3475 

5*4532 

4-8196 

3*4764 

7 

5-8641 

5*7359 

5 * 237 ° 

3 * 733 1 

8 

6-2377 

6-0780 

5-6161 

3-8208 

9 

6-4723 

6- 1 450 

5-9062 

3*9347 

10 

6-6700 

6-2044 

6-0470 

4-1 225 


Further, it is interesting to note that even in the presence of readily 
available glucose the alga is not able to reach its maximum rate of 
growth when the light intensity is deficient, but that the increase in rate of 
growth due to direct absorption of glucose (0-226) is only a little higher 
than the average rate for all cultures grown in glucose in the dark (0*207) ; 
this supports the conclusion drawn from the previous experiments that the 
saprophytic habit is of secondary importance in the life of this soil alga. 
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IV. General Conclusions and Summary. 

From the foregoing experiments certain facts emerge which may be 
briefly summarized. 

The alga under observation, Sccncdesmus costulatus , Chod., var. chlorcl- 
loides , Bristol Roach, grows in liquid cultures at different rates according to 
the external conditions imposed upon it, and there appears to be some 
internal factor which limits the growth of the organism at a temperature of 
24*5° C. to a maximum rate in the light represented by the figure 0-47-0*475. 
This rate of growth has been realized under purely photosynthetic con- 
ditions with a comparatively strong light intensity, and under these same 
conditions the addition of glucose to the medium produces no significant 
increase in the rate of growth. In fact, the appearance of the cells in these 
cultures suggests that even in the presence of glucose the alga is purely 
photosynthetic in nutrition. 

As the light intensity diminishes from this value, and the rate of growth 
by means of photosynthesis becomes less, the alga absorbs glucose directly 
from the medium to supply the deficiency due to retarded photosynthesis, 
but only in such quantity as will bring the total growth rate up to the 
maximum figure, 0-47-0*475. As the intensity of the light continues to 
diminish, the alga absorbs increasing amounts of glucose up to a maximum 
quantity, sufficient to produce a growth rate of about 0-21-0*24 (?), which 
is approximately equivalent to the amount assimilable when the alga is 
grown in complete darkness with glucose as its sole source of carbon. 

With light of low intensity, when the rate of growth due to photosyn- 
thesis is low, the total rate of growth of the alga possible in a glucose 
medium is equal to the sum of the rates due to photosynthesis alone and 
to the maximum amount of glucose assimilable in the dark ; increasing the 
light intensity has no power to increase the amount of glucose absorbed 
directly ; rather it tends, on arriving at a certain value, to check the direct 
absorption of glucose in favour of autotrophic nutrition. 

With low and moderate intensity of illumination, the rate of increase of 
the growth rate in a mineral salts medium due to photosynthesis alone 
appears to be directly proportional to the rate of increase in light intensity, 
until a certain illumination of optimum efficiency is reached ; beyond this 
optimum successive increases in light intensity produce progressively smaller 
increments in growth rate as the alga approaches more nearly to its maxi- 
mum rate of growth. The relationship which appears to hold between 
rate of growth and intensity of light is not sufficiently simple, however, for 
the determination of its character on the basis of the available data. 

Further, the data suggest that the shape of the logarithmic growth 
curve is subject to certain variations according to the intensity of the light 
under which the alga is grown. In light of moderate intensity the obseived 
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values lie, within the limits of experimental error, upon a straight line from 
the time of inoculation for a period of about ten days ; in light of low in- 
tensity when glucose is absent, and in complete darkness when glucose is 
present, the curve shows rhythmic fluctuations and the straight line can be 
regarded only as an average estimate of the changes taking place in the 
culture; in light of high intensity the curve exhibits a tendency towards 
a somewhat sigmoid form with a slight lag at the beginning. 

In view of the normal habitat of this alga, namely the soil, the above 
results have a direct bearing on its mode of life in the field and on its in- 
fluence on soil fertility. When occurring in the lower layers of the soil the 
organism evidently grows at the expense of certain organic compounds 
directly available, the evidence from other experiments showing that it is 
able to use a wide series of substances in the dark (2), and even to secrete 
an enzyme capable of slowly liquefying gelatine when this is its sole source 
of food. Consequently, though its proteolytic action may be of direct 
benefit to other organisms and to the higher plants in breaking down com- 
plex substances, it is likely that in its relation to the carbon cycle within 
the soil the alga should be considered chiefly in the light of its using up 
some of the energy resources of the soil. 

When the alga is growing on the surface of the soil, on the other hand, 
so long as the moisture conditions are suitable for growth photosynthesis 
will take place at a rate depending on the intensity of the light ; and under 
favourable conditions the alga will add to the soil very considerable 
quantities of organic substance with its potential chemical energy. When 
the light intensity becomes less favourable for photosynthesis, the alga will 
again begin to absorb available organic compounds from the soil, setting 
free their chemical energy ; but this ability to adopt a partially saprophytic 
habit will ensure that there is a continual supply of vegetative cells available 
to resume growth by photosynthesis when the conditions again become 
suitable. 

It must not be assumed that this mode of behaviour towards light and 
organic compounds is necessarily representative of the condition which 
holds for all the soil algae, for it has been shown elsewhere (2) that the 
reactions of the various species that have so far been observed are very 
different towards a given series of organic compounds ; and though Scene- 
desinus costulatus var. is doubtless typical in its behaviour of a large group 
of .species which respond only in a limited degree to the presence of organic 
compounds, yet there are other species, probably more frequent in occur- 
rence, such as C/ilorella spp. and Cystococcus sp., which respond much more 
vigorously and in which the saprophytic or semi-saprophytic habit may 
have become much more firmly established. 

Grintzesco (3) affirms that CJilorclla vulgaris is capable of more vigorous 
growth in complete darkness than in bright sunlight ; Muenscher (4) obtained 
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approximately equal yields of a large species of Chlorella , isolated from 
soil, in light of moderate intensity and in complete darkness; while the 
present writer has never yet obtained a culture of Cystococcus sp. under 
purely photosynthetic conditions , that has approached to anything like the 
degree of luxuriance that is invariably attained when certain organic com- 
pounds are present in the medium. Such observations, however, Cannot 
be regarded in any sense as critical, and further quantitative experiments 
with other species are needed, upon lines similar to those described in the 
present paper, before it will be possible to make a general statement in 
regard to the relative importance of the photosynthetic and saprophytic 
habits of the soil algae as a whole. 
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SOME METHODS OF TECHNIQUE APPLICABLE TO ENTOMOLOGY. 

By A. D. Imms, D.Sc., F.R.S., 

Rothamsted Experimental Station , Harpcnden. 

The following methods of technique, along with many others, applicable to 
entomological work have been used by the writer in the course of a number of years’ 
experience. Since a considerable proportion of the methods does not appear to be 
generally known, it is thought that the present article may prove of value particularly 
to investigators located in parts of the Empire overseas. 

M ounting M edia . 

L)c Entire's bluid. This is one of the most valuable of all mounting media for 
microscopical purposes, where small and delicate obj< ets are involved. Its composi- 
tion, as used by me for a number of years, is as follows ; — 


Gum arabic ... ... ... ... ... 30 gr. 

Chloral hydrate ... ... ... ... ... 50 gr. 

Glycerine ... ... ... ... ... ... 20 cc. 

l)ist. water ... ... ... ... ... ... 50 cc. 

Chlorhydrate of cocaine ... ... 0*5 gr. 

After mixing these ingredients filter. 


The medium has the advantage of killing, fixing and mounting in a single opera- 
tion without the necessity for any previous or subsequent treatment. By virtue of 
the cocaine present it has the property of fixing whole organisms in an extended 
condition and is especially valuable for mounting endoparasitic Hymenopterous and 
Dipterous larvae, Protura, Coccidae and their nymphs, Mymaridae, Thysanoptera, 
Aleurodidae, certain Aphididae, eggs, etc. In fact almost any organism liable to 
shrink and distort by other methods, or rendered too transparent in Canada balsam, 
can, as a general rule, be better displayed in this medium. It is not claimed that 
uniform success will be achieved in every case, and the user must expect disappointing 
results in some instances. It is often advisable, but not absolutely necessary, to 
transfer the larger and less fragile organisms into a small quantity of the medium 
contained in a watch glass for a few hours before finally transferring to a spot 
of the fresh fluid on a slide. A few hours after mounting, an object, such as a Dipterous 
larva, will exhibit its tracheal system with remarkable clarity, showing up even the 
finer branches with great distinctness. As time goes on, the air gradually disappears 
from the tracheae, but it is often several months before it departs fror^ the larger 
trunks. Under English conditions it is not necessary to ring the preparation, and I 
have examples ten years old that are quite satisfactory ; all that is required is to 
proceed cautiously and lightly when cleaning the cover-glass. As the age of the 
preparation increases the object becomes more transparent and in some cases very 
slight distension occurs. Objects such as Dipterous larvae tend to become yellowish 
brown in colour, but such morphological features as the spiracles, mouth-parts and 
oral papillae lend themselves to high-power examination. In moist, tropical condi- 
tions, where there is relatively little evaporation of the water present in the medium, 
ringing is desirable either by means of gold size or any other usual method. 
Experience, however, will soon determine the extent to which this procedure may be 
necessary. 

(5286) Wt P6/3521 480 9/28 H A SP Or 52 


Reprinted from the Bulletin of Entomological Research, Vol. XX, Pt. 2, August 1929. 
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Berlcscs Fluid . — This medium, which was extensively used by the late Prof. 
Antonio Berlese for the permanent mounting of his great collection of Acarines, has 
the following composition : — 


Distilled water 

... ... ... ... 

20 cc. 

Chloral hydrate 

... ... ... 

160 gr. 

Gum arabic 

... ... ... ... 

15 gr. 

Glucose syrup 

... 

10 gr. 

Acetic acid 

... ... ... ... 

5gr. 


This medium has very similar properties to de Fame’s fluid, in that it kills and fixes 
an organism in an extended condition. Living specimens may, therefore, be 
placed directly into the medium on the slide. When desirable they can be killed 
first by brief immersion in 10 per cent, acetic acid in distilled water or by being placed 
in boiling water. If, on the other hand, specimens are already preserved in alcohol 
they should be washed in 10 per cent, acetic acid before transference to the medium. 
In all cases, after the cover-glass has been put on, the slide should be gently warmed 
(not allowed to boil) for a short time, then allowed to cool and afterwards left for one 
or two weeks to dry and set. Finally it is desirable to ring the preparation with gold 
size or asphalt varnish (obtainable from opticians). 

My former colleague, Dr. J. Davidson, who has used this medium extensively for 
mounting Aphids considers that it is better adapted for the majority of these insects 
than de Fame’s fluid. 

Gilson s Euparal * — This is a mixture of camsal, eucalyptol, paraldehyde and 
sandarac ; it exists in two forms, the green and the colourless, the latter I consider 
is to be preferred. 

The value of this medium, its superiority to Canada balsam in many cases, and 
the brevity of the previous treatment required, merit a more general use than is 
accorded it at the present time. Objects, stained or unstained, after killing and 
fixation, are passed through graded strengths of ethyl alcohol in the usual way. After 
transference to 95 per cent, alcohol, they can be placed direct in euparal on the slide 
and the cover-glass superimposed. The use of absolute alcohol and a clearing agent 
are thus dispensed with which is a great advantage, especially for workers away from 
centres of civilisation. The transference from 95 per cent, alcohol to a preparatory 
agent termed “ essence d ’euparal ” is advocated, but in my experience I have never 
found this necessary. It is even possible to transfer thin objects, such as preparations 
of chitinous cuticle, direct from 70 per cent, alcohol to euparal. The latter medium 
sets hard like Canada balsam but, unlike the latter, does not turn yellow and discolour 
with age. Preparations made twelve years ago are still as colourless as the slides upon 
which they are mounted. Its refractive index (n~ 1 -483) is lower than that of Canada 
balsam (n— 1*524), and for this reason it is also especially valuable for objects which 
are rendered too transparent by the latter medium. It can be used for all objects 
which, in the usual way, would be mounted in balsam. 

Celluloid Mounting. 

It is incumbent in describing small insects to make microscopical preparations of 
the male genitalia, mouth-parts, and other structural features. A method which I 
have used with success is to procure sheets of celluloid, about the thickness of thin 
Bristol board, or thinner if required for minute, flat objects. Such sheets are cut up 
into strips of uniform size and slightly beyond the middle a circular hole is made 
either with a steel punch or a cork-borer, f A set of the latter tools is useful in that 
it allows of holes of different sizes to be made according to the dimensions of the objects. 

* Obtainable from Messrs. Flatters and Garnett Ltd., 309, Oxford Road, Manchester. 

t Suitable punches such as are used for cutting out card discs for mounting small Diptera 
are obtainable from Messrs. Watkins and Doncaster, 36, Strand, London, W.C.2. Sets of cork- 
borers can be procured from any ddaler in laboratory apparatus. 
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On the lower side of the hole thus made, a circular cover-glass, of slightly longer 
diameter, is sealed in position by means of Canada balsam or euparal and allowed to 
dry. The object is then mounted in any of the media already described and a cover- 
glass placed over it. An adhesive label is not necessary as the required data can be 
written on the celluloid with a fine pen and waterproof Indian ink ; when dry, per- 
manency can be secured by painting over the written data with the thinest possible 
coating of euparal or balsam. In order to ensure neatness it is best to use very 
fluid xylol balsam and apply it with a fine brush. Finally a pin is inserted through 
the celluloid below the data as with an ordinary carded specimen. 

The advantage of this method is that the object can be pinned in its proper place 
in an ordinary collection of dried insects. Or, a whole collection of such insects as 
Anoplura, Aphaniptera, larvae, etc., can be mounted in this manner, each species 
being placed in its correct taxonomic position in cabinet drawers or store boxes. A 
collection or an individual object, mounted in this manner, is readily available for 
microscopical examination ; when high powers of the microscope are desired, all that 
is necessary is to withdraw the pin, and the whole preparation then becomes comparable 
with an ordinary micro slide. The most convenient size of the celluloid slips is about 
2 ins. by 1 in. but larger or smaller dimensions can be adopted of course if desired 
in conformity with the size of the object. 

Staining. 

Fuchsin . — In the present article I am only dealing with the staining of those 
chitinous structures which are too transparent when mounted in an unstained con- 
dition to be readily studied with accuracy. Under this category come the wings of 
many minute parasitic Hymenoptera ; the wings of the smaller Diptera; especially 
those with the venation ill-defined, or with obscurely discern able vestigial veins ; 
the pores and gland openings on the pygidium and other regions of Coccidae ; the 
mouth-parts, spiracles, etc., of minute larvae ; in fact any transparent delicate 
part or organ whose structure is difficult to discern by ordinary procedure. The 
advantages derived from the proper staining of such structures are evident from the 
facility with which they can be studied and the consequent relief from undue eye- 
strain, the accuracy with which they can be drawn and measured, and the elimination 
of the possibility of the less defined structures being inaccurately interpreted. 

The stain most generally used and recommended is fuchsin, and ordinary fuchsin 
or magenta is a basic dye and is the hydrochloride of rosanilin. Acid fuchsin is the 
sodium salt of a sulphonic acid derived from fuchsin. Both acid and basic fuchsin 
are used as chitin stains, but in my experience basic fuchsin gives the better results. 
In the form known as Ziehl's carbol-fuchsin it is extremely effective and is usually 
made up by taking 10 cc. of a saturated solution of basic fuchsin in 95 per cent, alcohol 
and 100 cc. of a 5 per cent, solution of carbolic acid in distilled water. The two are 
then shaken together and the stain is ready for use. For delicate and refined 
technique the emended formula given in McClung’s Microscopical Technique, 1929, 
may be used, viz, : — 

Solution I. 

Basic fuchsin (90 per cent, dye content) • •• 0*3 grms. 

Ethyl alcohol (95 per cent, strength) ... 19 cc. 

.Solution II. 

Carbolic acid ^ grms. 

Distilled water 95 cc. 

Solutions I and II are then mixed for use. 
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Material is transferred to the stain and left there as long as may be necessary ; 
if very rapid staining is required, slightly warming the stain containing the object in 
a watch-glass will accelerate its action. On the other hand, if an object be left for 
14 hours or more in the stain no harm will ensue, and decolonisation to the appropriate 
degree may be achieved by transference to 95 per cent, alcohol containing 3 per cent, 
by volume of concentrated hydrochloric acid. It is always desirable to leave the 
specimens slightly darker stained than is necessary as a certain amount of subsequent 
decolorisation occurs. If mounting is done in Canada balsam, clearing should be by 
means of carbol-xylol, and the balsam, it may be added, should be xylol balsam. 

A simpler stain is obtained by taking 1 grin, of basic fuchsin (magenta crystals) 
and dissolving it in 100 cc. of 95 per cent, alcohol, as has been recently advocated by 
Ferris.* Any excess of the stain can be removed by washing in 95 per cent, alcohol ; 
this should be done as quickly as possible under a microscope or too much loss of 
colour results. 


Decolorising Chitin, etc. 

It often happens that chitinous parts are too darkly coloured to admit of the clear 
definition of structural details. This disadvantage may be overcome by taking a small 
stoppered phial and covering the bottom with a few drops of concentrated hydrochloric 
acid diluted by half its bulk of distilled water. Add a few crystals of potassium 
chlorate and very soon the greenish-yellow fumes of chlorine become evident in the 
phial. The part to be decolorised should be immersed quickly in the liquid and 
left there until it becomes paler in colour. After removal and momentarily washing 
in dilute alcohol it is ready for mounting. Specimens covered with thick black chitin 
are difficult to bleach, and several days’ treatment are usually necessary. Very 
delicate objects that will not withstand the acid can be suspended on a piece of moist 
filter paper in the phial so as to come into direct contact with the chlorine vapour only. 

In the case of Collembola and other insects in which structural details are often 
concealed by a heavy deposit of dark hypodermal pigment, decolorisation can be 
effected by treatment with 10 per cent, potassium hydroxide and afterwards washing 
in distilled water. 


Dissecting FI ui ds . 

For the dissection and examination of minute delicate objects, including poly- 
embryonic phases, glands, blood cells, oenocytcs, fat-body, parasitic micro-organisms, 
etc., in the living condition, normal salt solution often causes rupture or distortion of 


or cells it is desired to examine. The insect 
hose composition is as follows 

is best opened in Ringer’s 

Sodium chloride 

... 0*8 grm. 

Calcium chloride 

0-02 grm. 

Potassium chloride 

0*04 grm. 

Sodium bicarbonate ... 

0-02 grm. 

Distilled water 

100 cc. 


As an alternative, and much quicker to make up, Pictet’s liquid, which is a 1 per cent- 
to 3 per cent, solution of manganese chloride, is recommended by Bolles Lee.f 


Preserving Fluids. 

Alcohol . — For ordinary purposes ethyl alcohol is in general use. The strength 

* Principle:; of Systematic TCntymoloey, Stanford IJniv. Publications Biol. Sciences, v, no. 3, 
1928 . 

t Microtomist’s Vade-Mecum. 



SOME METHODS OF TECHNIQUE APPLICABLE TO ENTOMOLOGY. 


169 


commonly adopted is 70 per cent, but in many cases this results in course of time in 
maceration supervening. I prefer 80 per cent, alcohol to which five parts by volume 
of glycerine have been added. With larvae and pupae, shrinkage and often distortion 
result if placed in the alcohol straight away. These disadvantages can be greatly 
reduced, or almost eliminated, if the specimens are first placed in 40 per cent, alcohol 
which is gradually warmed up to the boiling point. On allowing to cool down they 
should be transferred to 70 per cent, alcohol and finally to 80 per cent, strength. 

Specimens so treated are usually sufficiently well preserved for subsequent study 
or descriptive purposes. 

PampeV s Fluid . — This is useful for keeping material for a length of time with the 
tissues in a soft flexible condition for subsequent dissection. After chloroforming 
the insect a small slit is made along the side of the abdomen to allow of ready penetra- 
tion by the preservative fluid. It was first used by Pampel* and later by Miss I. 
Florence f in her studies on the Hog Louse and by other workers. It is particularly 
useful in cases where, for example, important characters are afforded by the genital 
organs and where dissection cannot be made straight away. Its composition is as 
follows : — 


Glacial acetic acid 4 parts. 

Distilled water 30 parts. 

Formaldehyde 6 parts. 

95 per cent, alcohol 15 parts. 

Lavdowsky's Solution . — This method is very simple and practical and is best 
adapted for large objects such as Lepidopterous larvae, where rapid penetration takes 
place with greater facility than in very small organisms. The method has been 
slightly modified by TothillJ whose recommendations I have found to be of great 
value. Place the insect, or part of an insect, in 5 per cent, chloral hydrate in distilled 
water and gently warm for a minute or so until the temperature does not quite reach 
boiling point. The object is then left on a piece of filter paper for about five minutes, 
until the fluid has drained away. It is then transferred to a bottle of fresh chloral 
hydrate of the same strength and is left therein for one week. It is removed and 
drained a second time, and afterwards submerged in further chloral hydrate. The 
bottle is then tightly corked, and the specimen will keep for several years in a 
condition fit for dissection. The complete penetration of the chloral hydrate is 
ensured by making a slit along one side of the insect with a surgeon’s needle or other 
suitable instrument. 


Storage of Spirit Material. 

One of the greatest difficulties in the storage of valuable spirit material in small 
phials is the ultimate shrinkage and deterioration of the corks. This results in evapo- 
ration of the alcohol and the necessity for frequent examination of such a collection 
to avoid the specimens drying up altogether. This disadvantage may be obviated in 
one of two ways. 

The specimens can be transferred to phials of alcohol in the usual way and the 
mouth of each phial closed either with a piece of fine muslin tied securely round with 
cotton, or loosely plugged with cotton wool. The phials are then inverted in a 
straight-sided stoppered museum jar previously filled with alcohol. Specimens thus 
taken care of remain a long time without attention and all that is necessary is to add 

* Pampel, W. 1914. Die Weiblichen Geschlechtsorgane der Ichneumoniden.— Zeits. ftir 
wiss. Zool., 108, pp. 290-357 . 

f Florence, L. 1921. The Hog Louse, Haematopinus suis, Linncb — Memoir 51, Cornell 
Univ. Agric. Expt. Station. 

t Tothill, J. D. 1919. The Chloral Hydrate Method of Preserving Insects for Dissection.— 
Proc. Nova Scotia Ent. Soc. (I am indebted to Dr. J. W. Munro for this reference.) 
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occasionally to the alcohol that evaporates in the jars. It is, of course, easy by this 
arrangement, to keep a number of species of a genus each in its own phial in a single 
jar. 

Or the use of phials may be dispensed with and each specimen enclosed in a short 
length of glass tubing whose bottom had been previously sealed in a Bunsen burner. 
The tube is partly filled with 80 per cent, alcohol and the specimen introduced. 
Nearly all the alcohol is then poured off and the tube drawn out to a point, at some 
distance from the object, by means of a Bunsen flame. After breaking it off at the 
neck it is then filled with alcohol by means of a fine tubular funnel. The broken off 
end is then sealed in the flame and the process finished. Care and practice are 
required to carry out the operation neatly and it is important to ensure that the 
broken off neck is as small as is practicable, so as to admit of rapid scaling in a hot 
flame. A label is best introduced into the tube along with the specimen. I first 
came across this method in 1905 when examining the H a viland collection of termites at 
Cambridge which are preserved in sealed up lengths of tubing. The earliest published 
suggestion I know of is a note by Nachtrier,* who also recommends equal parts of 
alcohol, glycerine and water (Fleming's fluid) in place of pure alcohol. 

Methods of Rearing Insects. 

Iron Rings as Covering Frames. — A number of years ago Mr. E. E. Green recom- 
mended to me the use of heavy iron rings covered with muslin for closing circular 
breeding vessels. This very simple device dispenses with the time taken in securing 
pieces of muslin by means of string or rubber bands each time the receptacles are 
opened. The rings require to be made slightly larger than the diameter of the 
receptacles to be used, and since their weight exerts a tension on the muslin, the insects 
are precluded from escaping. A stock of such rings of different sizes can be readily 
made by a blacksmith, at small cost, from iron rods of varying diameter (according 
to the weight needed). f In order to prevent rusting they can be painted with 
aluminium paint or other preservative before the muslin is sewn on. A quicker method 
is to cut out circles of muslin of the required diameter and fasten them to the rings with 
marine glue. 

Petri Dishes. — For a number of years past I have adopted ordinary double Petri 
dishes as used by bacteriologists for plating cultures. The advantage of this method is 
the ease with which they can be kept sterile while the contained insects can be readily 
observed under a binocular microscope. Various kinds of small insects can be reared 
in these receptacles, and for studying many of the parasitic Hymenoptera, for 
example, they are invaluable, because the behaviour of such parasites in relation to 
their hosts can be clearly watched. A suitable-sized Petri dish is about 9 cm. 
diameter and 1*5 cm. in height (inside dimensions) for the lower dish, and it should be 
stipulated when purchasing that the edge of the lower dish is ground perfectly flat so 
that the inverted upper dish reposes accurately upon it ; this precaution is necessary 
or minute insects would be liable to escape. If desired, the upper or covering dish can 
be replaced by one of the heavy iron muslin-covered rings already alluded to. 

General Rearing Cage. — An inexpensive type, which admits both light and air and 
at the same time allows of free observation, can be quickly put together as follows. 
A hurricane lamp chimney of as wide a mouth as possible is fitted over an ordinary 
plant pot of suitable size, and the upper opening of the lamp chimney is closed with one 
of the muslin-covered rings already mentioned. The plant pot serves to hold a phial 
containing water to keep the food-plant fresh, and the space between the phial and the 
pot may be filled with fine soil or sand. Where soil is not needed, as with Hemiptera, 

* Nachtrier, H. F. Journal Royal Microsc. Soc., 1900. 

t A very convenient size is 6 ins. outside diameter, made from rod not less than 1 in. in 
circumference. 
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the lower opening of the lamp chimney can be closed with a cork bung perforated to 
allow of the stems of the food-plant being placed in the water below. Most kinds of 
plant-feeding insects can be reared in cages of this type, and the ease with which the 
latter can be kept clean is greatly in their favour. 

Receptacles for Soil Insects . — Subterranean insects are often notoriously difficult 
to rear, owing to the fact that once soil is placed in a pot or other receptacle, physical 
changes supervene which render it difficult to maintain natural conditions. 
Wireworms, Melolonthoid larvae, and other true soil insects can be reared successfully 
if the pots containing the soil are let down into the ground to within about an inch 
of their rims. The pots must be unglazed and when placed in situ the moisture 
content and temperature are maintained in a condition approaching that of the 
surrounding soil. The pots require to be suitably covered and the nature of the 
covering naturally depends upon whether they contain growing plants or not. 
The opening at the bottom of the pot requires to be enlarged to admit of free drainage 
and closed with gauze or perforated zinc. If such receptacles are not freely exposed 
to the weather, or periodical watering is necessary, a very small sized earthen pot, 
inserted almost flush with the surface of the soil, in the centre of the larger pot, is 
desirable. This small pot can be filled with a uniform amount of water in the case 
of critical experiments, blit its main use is to prevent the soil from caking at the 
surface, which almost invariably happens if water be applied in the usual manner. 
With some insects, such as wireworms, chafer larvae, etc., which at certain times 
of the year penetrate deeply into the soil, unglazed drain pipes are often better than 
plant pots. The taller vessels allow of the free migration of the insects through a 
great vertical distance in the soil. 




[From THE ANNALS OF APPLIED BIOLOGY, Voe. XVI, No. 1, February, 1929.] 

[All rights reserved.] 
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I. INTRODUCTION. 

In an earlier paper (5) the writer gave a short review of the more recent 
literature dealing with the occurrence of alate and apterous partheno- 
genetic females in aphides. Since that time several investigators have 
brought forward experimental evidence showing the influence of external 
factors on the occurrence of these forms, notably Brittain (3), Mason (17), 

1 Now at the Waite Agricultural Research Institute, University of Adelaide, South 
Australia. 
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Wadley(23), Ewing (li), Ackerman (l) and Reinhard(io). In most cases 
these writers have briefly summarised the views of previous observers so 
that it is not necessary to do so here. 

The older views regarding the influence of environmental factors on 
the occurrence of the sexuales in aphides were also briefly discussed in 
my earlier paper (5). Little experimental work has been done on this 
problem, although it is apparent from field observations on several 
species that external factors play a large part in bringing about the 
cyclical change in these insects. Since Klodnitzki’s (1912) extensive 
studies, which were dealt with in my previous paper, two further con- 
tributions to the literature are of particular interest. Uichanco(2i) dis- 
cusses the modifying influence of environmental factors on reproduction 
in the Aphididae and a later paper (22) contains an excellent account of 
the embryogeny and post-natal development of the Aphididae. Marco- 
vitch(i4,l5) shows the importance of length of day as a factor affecting 
migration and the occurrence of the sexual forms in aphides. 

In the present paper an account is given of the results obtained with 
Aphis rumicis L. (A. fabae Scop.) from rearing experiments carried on 
during the past 7J years, particularly with reference to the two pheno- 
mena of the life-cycle referred to above. 

The aims in view were (a) To trace the normal sequence of the gene- 
rations in the complete life-cycle and the occurrence of the partheno- 
genetic and sexual phases, (b) To see whether the normal sequence could 
be affected experimentally by changing the environment in which the 
aphids were reared, (c) To observe the influence of environmental changes 
on the occurrence of alatae and apterae. 

The experiments were commenced in June 1920 (Line A) with two 
apterous viviparous females taken from a wild colony on beans found in 
a local garden, and nine further related parthenogenetic lines were reared 
during succeeding years. 

II. METHODS OF REARING THE VARIOUS PARTHENOGENETIC LINES. 

The methods employed in rearing the aphids have been already 
described (9). The relationships of the ten parthenogenetic lines are shown 
in Fig. 1 and Table I. In each of the eight lines, started with a Fundatrix, 
the aphids were reared on Euonymus europaeus until alate migrants 
developed (usually in 3rd generation), and afterwards on Longpod beans 
until the line was discontinued. In each year, about the end of August, 
colonies from the beans were established on Euonymus so as to ensure 
that sexuales would be obtained and fertilised eggs laid. When the 
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Table I. 

Showing relationships of the 10 parthenogenetic lines of A. rumicis. 


Line 

Started 

with 

Taken 

from 

line 

Parthenogenetio 

generations 

r A \ 

Started Ended 
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Laid 

Com- 
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to hatch 

A 

2 apterae 

Wild 

16. vi. 20 

30. v. 21 

Oct. -Nov. 1920 

8. iii. 21 

B 

Fundatrices 

colony 

A 

8. iii. 21 

31. xii. 23 

(Oct.-Nov. 1921 23. ui. 22 
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»t 
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30. xi. 24 

Oot.-Nov. 1924 

7. iv. 25 

F 

tt 

E 

7. iv. 25 

21. vi. 26 

„ 1925 
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„ 1926 
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„ 1927 
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Fig. 1. Chart showing the relationships of the ten parthenogenetic linos of Aphis rumicis 
used in the experiments. 


The years are divided into monthly periods. The broad black bands show the 
periods during which continuous parthenogenetic reproduction was maintained in each 
parthenogenetic lino: tho short cross-lines indicato the periods during which sexual 
forms occurred in the colonies: where the cross-lines are absent, only parthenogenetic 
individuals were obtained. Line B was started from one fertilised egg taken from 
.line A and lines C-I are of the same strain, being related as shown with the thin 
connecting vertical lines. 

With the exception of lines A and Ha each one was started from a fertilised egg. 
O = fertilised ovum. m =fundatrix. £ = apterous viviparous female. 

During the winter period the aphids were reared under varying temperatures and 
with line H they received only 8 hours daylight daily from March to November. See 
also Figs. 4 and 5. 




J. Davidson 107 

fundatrices began to hatch out the following spring, new lines were 
started as shown in Fig. 1. 

Line A was started from a wild colony. Line B was started with one 
fundatrix from line A and since the subsequent lines were descended from 
line B, a single strain of the species has been used throughout. The aphids 
were reared in a large open glasshouse during the summer period, or in 
the open air insectary and in a heated glasshouse during the winter 
period. The air temperature at Rothamsted during the years is shown 
in Figs. 3 and 4 and also the temperature during the winter period in the 
heated glasshouse. The temperature in the summer glasshouse (1920-21) 
and open-air insectary (1927), during the summer period, is also shown. 
It will be seen that the temperature in the insectary approximates closely 
to that of the outside air temperature plotted from Rothamsted records 
and the temperature in the glasshouse during the summer period shows 
an average mean about 10° F. higher than the outside air temperature. 

The Euonymm plants on which ova were laid in autumn, were kept 
outside in the open air during winter, being removed to the summer glass- 
house in spring, soon after the fundatrices commenced to hatch out. By 
reference to Figs. 3 and 4 the conditions under which the aphids were 
reared can be seen from the following data: the symbols 0 = open air; 

0. G. — summer glasshouse; H.G . = heated winter glasshouse. It will be 
noted that the dates given for aphids in the open air (0) refer to living 
aphids; the ova from which the fundatrices were obtained were kept 
outside during winter. 

Line A. 16. vi to 12. x. 20 (O.G,); 13. x. 20 to 31. iii. 21 (H.G.), 1. iv 
to 30. v. 21 (O.G.). Line B. 8. iii to 31 . iii. 21 (O) ; 1. iv to 9. x. 21 (0.6?.) ; 
10. x. 21 to 20. iii. 22 (H.G.); 21. iii to 31. x. 22 (O.G.); 1. xi. 22 to 
28. iii. 23 (H.G.); 29. iii to 19. x. 23 (O.G.) ; 20. x to 31. xii. 23 (H.G.). 
During the period 12. xi. 22 to 12. i. 23 the colonies received artificial 
light from electric lamps in addition to normal daylight (see Davidson, 
Journ. Sci. 1924, lix, p. 364). A control series under the same tempera- 
tures received only normal daylight. Line G. 23. iii to 31. x. 22 (O.G.); 

1. xi. 22 to 28. ii. 23 ( H.G. ): as in line B the colonies received artificial 
light, control colonies receiving only normal daylight. Line D. 23. iii to 
31. x. 22 (O.G.) ; 1. xi. 22 to 8. ii. 23 (H.G.) : the temperatures for this line, 
during the winter period, were lower than for B and C as can be seen in 
Fig. 3 (1927, middle line). Line E . 17. iii. to 30. xi. 24 (O.G.). Line F. 
7. iv to 19. iv. 25 (0) ; 20. iv to 8. xi. 25 (O.G.) ; 9. xi. 25 to 20. iv. 26 (H.G.) ; 
20. iv to 21. vi. 26 ( O.G. ). Line G. 24. iii to 30. xi. 26 (O.G.). Line H. 
15. iii to 20. iv. 27 ( O.G. ); 21. iv to 30. ix. 27 (open-air insectary); 1. x to 
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31. xii. 27 ( H.G . ). Prom 28. iii to 5. ix. 27 the colonies in this line received 
only 8 hours daylight daily, being placed in a dark box from 5.30 p.m. 
until 9.30 a.m. daily. From 25. x to 23. xii. 27 the colonies were sub- 
mitted to artificial light from electric lamps from sunset until 10 p.m. 
during 5 days each week: a control series reared under the same tempera- 
tures received only normal daylight, being kept in a dark box during the 
illumination period. Line Ha. 15. iii to 20. iv. 27 ( O.G . ); 21. iv to 
30. ix. 27 (open-air insectary); 1. x to 31. xii. 27 ( H.G . ): this was a con- 
trol line for line H, and after 5. v. 27 the aphids received normal daylight 
but, as in line H, a series of colonies received artificial light during the 
period stated and a control series had only normal daylight. Line 1. 
20. iii to 20. iv. 27 ( O.G.)\ 21. iv to 9. xi. 27 (open-air insectary): this was 
a further control line for line H and the aphids received normal daylight. 

III. NORMAL OCCURRENCE OF THE PARTHENOGENETIC 
AND SEXUAL FORMS. 

The normal life-cycle of the bean aphis as it occurs in England is 
shown graphically in the following diagram, together with the terms used 
in the present paper. A reference to this diagram will enable the reader 
to follow more readily the details discussed later. 

IV. NORMAL OCCURRENCE OF PARTHENOGENETIC ALATAE 
AND APTERAE. 

It is clear from Fig. 2, that, if the normal bi-sexual cycle is to 
be completed, alatae must develop during two critical periods of the 
cycle, namely in spring when migration takes place from the winter host 
to the summer food-plants and again in autumn when the alate sexuparae 
(re-migrants) are due to return to the winter host plant. Furthermore, 
during the summer period, owing to the rapid reproduction of this species, 
it is necessary that alatae develop from time to time so as to prevent the 
starvation of the aphids in overcrowded colonies, and to ensure the dis- 
tribution of the species to other food-plants. Since the sexual females 
(apterous) are produced by the alate sexuparae, it follows that, if experi- 
mental conditions are established such that a continuous line of apterous 
parthenogenetic females only are produced, the normal bi-sexual cycle 
cannot be completed. The occurrence of alatae therefore is closely asso- 
ciated with these three important features of the life-history and the 
environmental factors which influence migration and the change from 
the parthenogenetic to the sexual method of reproduction must also be 
considered in this respect as exercising an influence on the occurrence of 
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apterae and alatae. The alate form is the primitive condition and it seems 
to the writer, as already stated in a recent paper (io), that the logical 
interpretation of the problem of the occurrence of the alatae and apterous 
parthenogenetic females is, What factor or factors make for the occur- 
rence of apterae? since by the continuation of a purely apterous partheno- 
genetic line, the distribution of the species is severely limited and the 
completion of the normal bi-sexual cycle is prevented. 



V. THE FUNDATRIGENIAE GENERATIONS. 

The fundatrigeniae are the descendants of the fundatrix, born on the 
winter host (Fig. 2) and consist of apterae and alatae, the latter being 
the migrants. 

(a) Offspring of the fundatrices . 

The offspring of the fundatrices are usually apterous but may consist 
of a mixed brood of apterae and alatae, the former being usually in the 
majority. The proportion of alatae which develop is affected by the 
condition of the food-plant (nutrition factor) and by the amount of young 
growth available in relation to the size of the colonies (overcrowding). 
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Counts made of the individuals present in four separate colonies on 
Euonymus produced by four fundatrices, after periods varying from 
12 to 19 days, gave the following percentages of apterae — 100, 83, 97, 
11*5. The latter plant was “ woody” and not making young growth, 
whereas on the other three plants there was plenty of young growth. 
Other instances were observed in which fundatrices produced a majority 
of alatae on “ woody ” Euonymus plants. When young shoots were main- 
tained by cutting back the plants and overcrowding avoided, apterous 
fundatrigeniae produced a larger proportion of apterae in several suc- 
cessive generations. Fundatrices reared on Longpod beans and on Rumex 
produced freely and the offspring developed chiefly into apterae. 

(b) Offspring of the fundatrigeniae apterae . 

The offspring of the apterae of 2nd generation on Euonymus develop 
chiefly into alatae (3rd generation) and although a few apterae may occur 
in this 3rd generation their offspring develop into alatae, so that after 
about three generations the spindle tree becomes free from the aphis, 
owing to this tendency for alate migrants only to develop. This sequence 
under natural conditions is correlated with overcrowding and nutrition, 
and the condition of the spindle tree does not favour the development 
of apterae when the flush of early spring growth is over. There is, how- 
ever, apparently an inherent tendency for alate migrants to develop in 
these early generations on Euonymus , which is evidently associated with 
the evolution of the migrating habit. This tendency is affected by over- 
crowding and nutrition. Consequently, the proportion of alatae and 
apterae in a colony may vary considerably according to these conditions. 

Table II. 

Showing offspring of fundatrigeniae apterae reared on Euonymus 
(1-7) and beans (8, 9). 


Colony 

no. 

Date apterae 
transferred 

No. 

trans- 

ferred 

Alatae and apterae in colony 
after 10 days 

A 

Days 

Apterae 

•> 

Alatae 

1 

25. iv. 14 

2 

25 

0 

Many 

2 

5. iv. 21 

5 

21 

Few 

» 

3 

5. iv. 21 

6 

21 

»> 

PP 

4 

30. iv. 22 

1 

19 

0 

58 

5 

25. iv. 22 

1 

21 

1 

44 

6 

30. iv. 22 

1 

19 

1 

55 

7 

9. v. 27 

9 

19 

20 

400 

8 

6. v. 27 

2 

18 

19 

2 

9 

0. v. 27 

6 

18 

71 

27 
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If they are favourable, apterae may be obtained in several successive 
generations. 

In Table II (Nos. 1-7) examples are given showing the strong tendency 
for the offspring of apterae to develop into alatae when reared on 
Euonymus. 

When reared on beans a higher proportion of apterae developed as 
shown in Nos. 8 and 9. Similarly on Rumex the proportion of apterae 
was greater. This appears to be due to the better nutrition afforded by 
these plants. 

(c) Offspring of the fundatrigeniae alatae (migrantes). 

The offspring of the migrantes are normally laid on intermediate 
food-plants and develop into apterae. When reared on Euonymus , on 
which plant they reluctantly reproduce, apterae develop if suitable young 
growth is available, but if the plant is “ woody,” alatae will also develop, 
which is further evidence of the unsuitability of Euonymus as a perma- 
nent food-plant and of the effect of nutrition on the occurrence of alatae. 
When successive generations, from the fundatrix, are reared on Euony- 
mus , alatae tend to predominate (vide (5), p. 305) 1 . 

VI. THE ALIENICOLAE GENERATIONS. 

The alienicolae generations are initiated by the alate migrants and 
we have seen that the unsuitability of the spindle tree as a summer food- 
plant and overcrowding are important factors affecting the progress of 
the rhythmical spring migration. The descendants of the offspring of 
alate migrants can be considered as alienicolaeT so long as an unbroken 
line of parthenogenetic generations is maintained. In line B, for instance, 
a line of alienicolae was carried on for years. 

The following forms may develop in the alienicolae generations: 
(a) apterous viviparous females; (b) alate viviparous females (virgino- 
parae) which produce parthenogenetic viviparous females ; (c) alate vivi- 
parous females (sexuparae) which produce apterous sexual females; 
(d) alate males. The occurrence of these various forms is influenced by 
environmental factors, particularly length of day, overcrowding, nutri- 
tion and temperature. In nature, continuation of the parthenogenetic 

1 It is of interest to note in this respect that the autumn re-migrants (sexuparae) lay 
the sexual females below the old leaves of the spindle tree and the latter feed along the 
midrib and secondary veins, until they go to the branches in order to lay their eggs. The 
sexual females, therefore, are not dependent upon young growth. On the other hand, the 
spring mig r an ts and also the alate virginoparae of the summer generations lay their 
offspring on or near the young growth of plants, on which the latter instinctively feed. 
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generations over the winter period is limited by seasonal and climatic 
factors. Under experimental conditions, however, favourable tempera- 
ture and nutrition may be maintained and parthenogenetic reproduction 
carried on for long periods. Even under these conditions, the progress 
of the colonies during the winter period is slow compared with the summer 
period indicating the importance of the light factor 1 . 

A. Occurrence op alatae and apterae. 

As referred to above, the alatae may be virginoparae or sexuparae in 
addition to males. Actually in nature, in England, the two latter forms 
do not occur until late September, or early October, a period coincident 
with a falling mean temperature, decreasing hours of daylight and scarcity 
of suitable food-plants (poor nutrition). The alate virginoparae which 
develop during the summer period are to be considered as dispersal forms, 
whose function is to ensure the distribution of the species. Under experi- 
mental conditions these forms may develop during the winter period, as 
will be described later, although, with moderate temperatures the alatae 
produced during that period tend to be sexuparae. The occurrence of 
alate sexuparae in autumn marks the appearance of the sexual phase, 
and the environmental factors concerned, as we shall see later, are corre- 
lated with rhythmical seasonal changes. These factors are (a) length of 
day, (6) temperature, and (c) plant growth (nutrition) as affected by 
(a) and (6). 

(1) Offspring of the alienicolae apterae. 

The offspring of the apterae may develop entirely into apterae or 
alatae or consist of a mixed brood of apterae and alatae. The alatae may 
consist of virginoparae, sexuparae and males. The two latter occur when 
the sexual phase is in evidence and all the alatae at this time may be 

1 Several speeies have been reared over long periods in a continuous parthenogenetic 
line. 

(1) Slingerland (1893), according to Uiohanco (1921), reared M. persicae for 02 genera- 
tions over a period of 2 years 10 months. 

(2) Ewing (1916) reared A. avenae for 87 consecutive parthenogenetio generations in 
California. 

(3) Paddock (1919) reared A . gossypii for 51 generations. 

(4) Comstock (Introduction to Entomology , 1924, p. 417) states that Slingerland carried 
on a species for 98 generations over a period of 4 years and 3 months. 

(5) Reinhard (1927) reared A. gossypii for 59 generations in Texas. 

(6) The writer reared A. rumicis through 50 generations (line B) in a period of 2 years 
and 10 months at Rothamsted. The number of generations passed through in a given time 
depends upon temperature and whether the first- or last-bom young are selected to carry 
on the next generation. 
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sexuparae and males. The former occur when conditions favour partheno- 
genetic reproduction, when all the alatae may be virginoparae. During 
October and November, under natural conditions, the offspring of the 
apterae may develop entirely into alate sexuparae and males thus bring- 
ing parthenogenetic reproduction to an end. Under experimental con- 
ditions, the alatae which develop during the autumn and winter period 
may consist of a mixed brood of both sexuparae and virginoparae, or only 
sexuparae and males or only virginoparae depending on environmental 
factors, particularly temperature. It was found, for instance, that when 
a temperature about a mean of 70° F. was maintained, apterae pre- 
dominated and the few alatae which developed were virginoparae. No 
case was recorded in which apterae produced sexual females as was 
observed by Shull (20) with Mac. solanifolii. The proportion of apterae 
which develop as offspring of apterae is affected by overcrowding, tem- 
perature and nutrition (physiological condition of food-plant). As referred 
to earlier, length of day (light factor) is also important in that it influences 
the occurrence of the sexual phase. 

(2) Offspring of the alienicolae alatae. 

The alate virginoparae are usually produced by apterae as explained 
in the previous sections. Their offspring usually develop into apterae, 
but alatae may also develop if the conditions are unfavourable, as for 
instance, when alatae are compelled to reproduce on plants which arc 
heavily infested with aphids (overcrowding), or with poor nutrition. The 
offspring of alate virginoparae are, however, not so variable in this respect 
as is the case with the offspring of apterae. The alate sexuparae always 
appeared in the colonies about the end of September (except in line H) 
and afterwards in many generations throughout the winter period. They 
produced only sexual females, and no case was recorded in which alate 
sexuparae produced males as recorded by Shull (20) with Mac. solanifolii . 
No case was observed in which alatae produced both sexual females and 
virginoparae. 

(3) The effect of overcrowding on the occurrence of alatae and apterae. 

It has been frequently observed throughout these experiments, 
especially during the summer period, that, when a colony is started with 
one or two apterae, only an occasional alate form develops during the 
first 14 days or so, but alatae gradually become dominant as the colony 
increases, so that by the time the plant is heavily infested, large numbers 
of alatae are present. 

Ann. Biol, xvi 
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In order to test whether overcrowding was a factor affecting this 
increase in the number of alatae, 15 bean plants, one in each pot (seed 
planted on the same day), were divided into three series of five plants 
each. The plants were infected with adult apterae from line I on 3. vi. 27, 
all being of the same generation. In series A one individual was trans- 
ferred to each plant, in series B, five individuals and in series C, ten 
individuals. The plants were kept covered with muslin bags and repro- 
duction allowed to go on until 20. vi. 27, when the aphids were killed off 
and the number of apterae and alatae on each plant counted. The results 
obtained are shown in Table III. 

Table III. 

Showing the effect of overcrowding on the occurrence of alatae . 

Number of aphids per plant 


Alatae 




r 


Alate 

Series 

Apterae 

Adult 

Nymphs 

O' 

/ o 

A 

61 

2 

0\ 



59 

0 

0 



52 

0 

0 \ 

1 


45 

1 

0 



31 

0 

0 ) 


B 

244 

39 

38 . 



208 

41 

45 | 



179 

90 

46 > 

34 


177 

33 

24 



165 

80 

71 J 


0 

449 

363 

108 

133 

121 ) 

89 



358 

48 

46 > 

39 


284 

216 

116 



228 

101 

107 ' 



The column, apterae , includes adults and immature individuals obviously 
going to develop into apterae. The column, alatae nymphs , includes indi- 
viduals which possessed wing pads. Younger individuals were not 
counted, as alatae and apterae cannot be readily distinguished in the 
earlier instars. Many of these younger individuals would of course de- 
velop into alatae, as is shown by the results of two other series of five 
plants each, which were set up at the same time. Each plant was infected 
with three apterae and reproduction was allowed to go on for 5 days 
longer than in the case of Table III. The counts of the colonies showed 
the percentage of alatae in the two series to be 77 and 81 respectively. 
The influence of overcrowding is shown by the number of adult alatae 
present. In series C (Table III) an overcrowded condition occurred 
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earlier in the colonies, resulting in alatae developing early, many being 
adult when the colonies were killed off. In the two series in which the 
colonies were started with three apterae, the average number of adult 
alatae in each colony was only fourteen, but the number of alatae nymphs, 
compared with scries A-C, was considerably increased as the longer 
reproduction period allowed more of the later-born individuals, born 
under crowded conditions in the colony, to attain the 3rd and 4th instar 
stage in which the wing pads are visible. During the summer period, if 
overcrowding in the colonies is prevented, the offspring of the alienicolae 
apterae develop into apterae, but as soon as overcrowding occurs, alatae 
tend to predominate. In the parthenogenetic line C, a succession of 
colonies were maintained on beans from the beginning of May until 
September, overcrowding being prevented by removing the adults from 
time to time. The results obtained are given in Table IV. 

Table IV. 

Showing offspring of apterae in successive colonies in the partfieno- 
genetic line C when overcrowding was prevented . 

F — Enoniftnus; M -- Migrants; S-Sexuparae; V — Virgmoparae. 

Alatae and apterae in colonies 
Aphids after 10 days 

Colony transferred , A 


(beans) 

(if**) 

1 lays 

Apterae 

Alatae 

1 (E) 

174 

19 

25 

4 (M) 

2 (M) 

5 *5 

17 

25 

0 

:j 

I9*r» 

9 

51 

0 

4 

2o*i) 

11 

50 

0 

r> 

<>•() 

12 

3 

0 

6 

18*(> 

H> 

Few 

0 

7 

5-7 

14 

Many 

0 

8 

19*7 

12 

Many 

0 

a 

r>*8 

25 

Few 

Few (V) 

10 

21-8 

21 

Few 

Few (S) 

ii 

11 -9 

:i9 

2 

6(S) + 6J 


Colony No. 1 was started with one fundatrix on Euonymus and No. 2 
with two alate migrants from No. 1. The remaining colonies were started 
with one or two apterae from the previous colony. Apterae predominated 
until about the middle of August, from which time onwards the colonies 
developed more slowly and a comparatively small number of aphids was 
produced. This was due to the seasonal conditions, chiefly falling tem- 
perature and poorer growth of the bean plants, together with the advent 
of the sexual phase. Under these conditions, alatae tended to predominate 

8—2 
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in the colonies and those which developed in September were sexuparae. 
It should be noted that, although alatae were not present in colonies 
2 to 8 at the end of the period of days shown in column three, nymphs 
began to appear a few days later and, as overcrowding increased, the 
number of alatae increased. 

It is clear that overcrowding is an important factor affecting the 
occurrence of alatae in the summer period when factors of light, tempera- 
ture and nutrition (food plants) are favourable. The influence of over- 
crowding may to some extent be interpreted as a nutrition factor in that, 
the young growth of the plant being crowded, the aphids are forced to 
feed on the older tissues, and the sap of the young growth affords the 
best nutrition. Further, as the infestation increases, the tissues of the 
plant are so affected that they do not function in a normal manner and 
the quality and quantity of sap available is affected. Overcrowding is, 
however, relative and the phenomenon is not only a matter of nutrition, 
as overcrowding may occur in a comparatively small colony on a local 
area of a plant, resulting in an increase of alatae. 

(4) The effect of nutrition on occurrence of alatae and after ae. 

The writer has shown (1) that the reproduction rate of A. rumicis 
varies on different food-plants and is also affected by the physiological 
condition of the plant («). That the young growth of the bean plant 
affords the best nutrition for the insects is shown by the following 
experiment. 

Two series, A and B, consisting of five bean plants each (seeds planted 
same day), were set up in pots. In series A the plants had normal growth, 
and in series B the young tops were cut off a few days before infection. 
On 31. v. 27 each plant in series A was infected with one adult apterous 
viviparous female from line I (offspring of alatae and reared to maturity 
on a normal bean plant). Similarly, each plant in series B was infected 
with one adult apterous viviparous female (offspring of alatae of same 
generation and reared to maturity on a bean plant having the top cut 
off). After 14 days’ reproduction the ten plants were killed off and the 
aphids produced on each plant were counted. The results are shown in 
Table V. 

It is evident that by removing the young top of the bean plant, its 
nutrition value for the aphis is affected. There is, however, no indication 
that the proportion of apterae and alatae has been influenced. It would 
be necessary to rear the aphids under these conditions through further 
generations to find out the cumulative effect, if any, of the two sets of 
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Table V. 


Showing the comparative reproduction rate, on beans with normal 
growth (A) and with tops cut off (B). 





Total aphids 


Series 

Apterae 

Alatae 

present 

Mean 

A 

44 

0 

390 . 



34 

0 

276 



33 

0 

384 l 

335-2 


32 

0 

339 ( 



29 

5 (N) 

287 j 


B 

24 

I (N) 

163 x 



24 

0 

165 



23 

0 

84 

104-8 


14 

0 

72 



10 

0 

40 ) 



N = Nymphs. 


conditions. Data available from experiments made to test the influence 
of different food plants and of the physiological condition of the bean 
plant on the reproduction rate of the bean aphis indicate that, on those 
plants which favour a high reproduction rate, the proportion of alatae 
which develop is smaller than on those plants on which a low reproduction 
rate occurs. This was observed, for instance, with poppies, peas, turnips 
and mangolds compared with broad beans, and its occurrence on Euony- 
mus has been already referred to. Similar observations were made with 
different varieties of field beans. The available data does not allow of 
definite conclusions being drawn, but the factor of overcrowding does 
not appear to be the only one concerned, and the question as to whether 
the nutrition value of different food-plants affects the proportion of 
alatae and apterae which may develop requires further investigation. 
There is no doubt that the physiological condition of the food plant, in 
that it affects the nutrition of the insect, is a factor of importance, which 
must be considered when the influence of other external factors are being 
investigated if uniform results are to be obtained. The starvation experi- 
ments of Gregory (12) and Wadley(23) show clearly that poor nutrition of 
the parent female results in an increase in the proportion of alatae in the 
offspring. 

During the winter period in the heated glasshouse, beans grow spindly 
and are poor plants compared with those grown in the summer months, 
due chiefly to the effect of temperature in relation to the winter light 
conditions. The aphid colonies on these winter plants progress more 
slowly than in summer, even when summer temperatures are maintained. 
The developmental period of individuals in winter, when reared under 
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“summer” temperatures approximated closely to that obtained with 
summer individuals (effect of temperature), but the aphids individually 
were not so prolific. Moreover, while with a mean temperature of about 
60° F. in winter fewer apterae were obtained, apterae predominated 
under these temperatures during the summer period if overcrowding was 
avoided, which suggests the influence of the better nutrition value of the 
plants in summer. During the winter period with moderate temperatures 
alatae tended to predominate in the colonies, although with compara- 
tively high temperatures (see p. 121) the influence of the nutrition factor 
is overcome and apterae predominate. It is interesting to note that the 
apterae frequently feed below the leaves on these winter plants and not 
on the growing apex, whereas in summer they invariably feed on the 
growing tip, unless overcrowded conditions force them to the older parts 
of the stem and beneath the older leaves. On two or three occasions 
during the winter period, it was observed that the aphids on bean plants 
which became sickly owing to root rot developing, left the plant (par- 
ticularly the apex of the stem) and wandered to the muslin covers. 
These observations show that the aphids react to the physiological 
condition of the plant. 

From March onwards there is a marked improvement in the growth 
of the bean plants compared with the earlier period of winter, and as 
spring advances, if a favourable temperature is maintained, the aphid 
colonies make better progress and a higher proportion of apterae develop. 

(5) The effect of temperature on occurrence of alatae and apterae. 

It has been shown that during the summer period when the aphids 
are reared on a favourable food plant (broad beans) and overcrowding 
avoided, the offspring of apterae tend to be predominantly apterae. 
Favourable nutrition, correlated with the large area of succulent growth 
on the plants, is the most important factor favouring the occurrence of 
apterae during this period, and the moderate fluctuations in the summer 
temperature do not markedly influence the sequence of alatae and 
apterae. Alatae, however, predominate irrespective of temperature 
when overcrowding occurs. During September, under the influence of 
a falling temperature, shorter hours of daylight, and lack of suitable 
food-plants (nutrition), the aphid colonies are much smaller and alatae 
tend to predominate even when overcrowding does not occur and com- 
paratively few apterae may develop. When the aphids were transferred 
to a warm glasshouse in October, the proportion of apterae increased. 
In Fig. 3 the results are shown of counts made of apterae and alatae 
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Fig. 3. Showing the influence of temperature on the occurrence of apterae and alatao during 
the winter period. Counts were made from 56 colonies (offspring of apterae) in lines 
A, B, C, G, H, Ha during the winter period and the percentage of apterae present in 
each colony is plotted with reference to the mean temperature of the reproduction 
periodin each case. As far as possible precautions were taken to prevent overcrowding. 
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present in 56 colonies reared under various temperatures during the 
winter period. The colonies were taken from five of the parthenogenetic 
lines in different years. They were killed off for counting after a repro- 
duction period of 2 to 3 weeks or longer in the case of the lower tempera- 
tures. Precautions were taken to prevent overcrowding and the alatae 
and apterae were diagnosed as in the experiments referred to in a previous 
section. With a mean temperature of about 67° F. and over there was 
a marked increase in the proportion of apterae in the colonies, and below 
about 57° F. there was a relatively small proportion of apterae. It 
should be noted that these counts include the colonies which received 
artificial light, as there was no apparent difference in the proportion of 
apterae and alatae present compared with the control colonies, as is seen 
in Table VI. The temperatures maintained in both these sets of experi- 
ments were moderately high. 

B. Occurrence of the sexual forms. 

Owing to the large number of colonies which were reared in the various 
parthenogenetic lines, it is not feasible to present the data in the form 
of tables, but in Figs. 4 and 5 the occurrence of the sexual forms has been 
indicated by symbols placed in positions which show the approximate 
dates when adult sexual individuals were recorded in the colonies. Each 
symbol represents a varying number of individuals present in a colony, 
so that usually the total number of symbols on any parthenogenetic 
line shows the number of colonies in which sexual forms were recorded. 

It will be seen from Fig. 1 that, with the exception of line H in which 
the colonies were reared under shorter hours of daylight, adult sexual 
forms occurred with great regularity each year in October, and where the 
lines were continued parthenogenetically throughout the winter, they 
appeared from time to time from October until about the end of the 
following May. It is interesting to note that, although sexual forms 
developed during the spring and early summer months in overwintered 
lines, they did not develop in the colonies of lines started from the 
fundatrix in spring until the following October, although during the 
spring period both sets of colonies were reared under the same conditions. 
In the colonies of the overwintered lines there was, however, a progressive 
increase in the proportion of parthenogenetic individuals present in the 
colonies as spring advanced, compared with the earlier winter period: 
alate virginoparae began to appear during March and April, the number 
of alate sexuparae becoming less, so that about the end of May, the alate 
forms tended to be entirely virginoparae. The occurrence of the sexuales 









Fig. 5. The plan of this chart which shows the data obtained with the parthenogenetic lines 
F, H, Ha and I is as described for Fig. 4. The whole-line temperature curve shows 
Rothamsted air temperature. The broken-line temperature curvo in 1927 refers to the 
open-air insectary (up to 80. ix. 27) and after that date the heated glasshouse. 

During the period 28. iii. 27 to 5. ix. 27 the colonies in line H received only 8 hours 
daylight daily (note early appearance of sexual females). During period 25. x to 
23. xii. 27 the colonies in line H and Ha received artificial light in excess of normal 
daylight (note absence of sexuales) : the square symbols indicate occurrence of sexual 
forms in colonies not receiving artificial light. 

From particulars given in Section II of the paper, by referring to Figs. 4 and 5, 
the reader can see the conditions under which the aphids were reared throughout the 


year. 

Charts IV and V should be compared with Fig. 1. 
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during the spring period indicates a carrying-over effect of the previous 
winter conditions under which the aphids were reared. 

After the sexual forms first began to appear in the various lines, 
apterae were transferred in successive generations to form new colonies 
and so continue the parthenogenetic line : the alate offspring were tested 
out in succeeding generations to see whether they produced sexual 
females (being sexuparae) or parthenogenetic females (being alate 
virginoparae). It is necessary in order to make sure that the sexual phase 
is present or absent, to rear the offspring of these alatae in as many of the 
successive generations as possible, in order to test whether the latter are 
sexuparae or virginoparae. In my experiments males were found some- 
times to occur somewhat irregularly during the winter period, and one 
cannot rely upon their non-occurrence as indicating that the sexual 
phase is absent. Moreover, under the higher temperature conditions 
during the winter period many alatae died without reproducing, and it 
was necessary to isolate these forms carefully so as to ensure that they 
would reproduce. It is due to the precautions taken in this way and to 
the fact that by rearing a large number of colonies, a representative 
number of the insects in successive generations were available, that the 
presence of sexual forms has been demonstrated over such extended 
periods. 

The details regarding the occurrence of' the sexuales in the various 
lines are given below; the dates given are those on which the sexual forms 
were adult. 

1. Line A. The sexual phase set in early in October 1920. From 
October until the following May, 37 colonies were reared and adult sexual 
forms occurred in most of them on various dates as shown in Fig. 4. 
After May 1921 no sexual forms occurred. 

Males were first recorded on 14. x. 20 and developed in 12 later 
colonies, the last record being 23. iv. 21. Altogether about 50 males 
were recorded. 

Females were first recorded on 14. x. 20. They appeared in 21 later 
colonies on various dates, the last date being 7. v. 21. Throughout the 
winter period, the alatae tested out proved .to be only sexuparae, but on 
23. iv. 21 both sexuparae and alate virginoparae were present and after 
this date only virginoparae developed. 

2. Line B. As this line was carried on through three consecutive 
winter periods, it will be more convenient to deal with these three periods 
separately. It will be noted from Fig. 1 that there was a rhythmical 
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appearance of the sexual forms in October each year and a suppression 
of the sexual phase from about the end of May onwards, until the follow- 
ing October. 

First winter period 1921-1922. 

The sexual forms appeared early in October 1921 and on various 
dates until the following May. The temperature in the glasshouse during 
the greater part of this winter period was comparatively low (about a 
mean of 50° F.) so that the developmental period of the aphids was long 
and only 12 small colonies were reared. This explains the few records for 
sexual forms which were obtained, but the sexual phase was in evidence 
throughout the period. 

Males were first recorded on 6. x. 21 and they occurred in eight subse- 
quent colonies, the last record being 23. v. 22. About 24 individuals were 
recorded. 

Females were first recorded on 6. x. 21 and they developed in five 
subsequent colonies, the last record being 18. v. 22. 

Second winter period 1922-1923. 

Sexual forms again appeared in October 1922, being present in six 
colonies during this month and the early part of November. During the 
period November 8th, 1922 to January 12th, 1923, high temperatures 
were maintained (see Fig. 4), and the successive colonies (ten in number) 
received artificial light as explained in Section 11. Under these con- 
ditions parthenogenetic reproduction was vigorous, apterae predominated 
and comparatively few alatae developed. Of the latter, some were tested 
out on 6. xii. 22 and 20. xii. 22 and were found to be virginoparae. With 
the exception of one male which developed on 29. xi. 22 and one on 
0. xii. 22, no sexual forms occurred in these ten colonies. 

Five control colonies reared during the same period, under the same 
temperature, but without artificial light, behaved similarly and no sexual 
forms developed in them. The results obtained with these control colonies 
are given in Table VI, together with those of six of the colonies which 
received artificial light, to show the number of individuals produced 
under these conditions. These data have been included in Fig. 3. 

Five apterae were isolated from one of these control colonies on 
6. xii. 22 and placed under lower temperature (middle dotted line in 
Fig. 4). The majority of their offspring developed into alate sexuparae. 
It should be noted that even with high temperatures during the winter 
period — which favours parthenogenetic reproduction — the winter light 
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Table VI. 


Showing the ‘proportion of apterae produced in colonies 
of line B during winter period 1922-1923. 

A.L. -artificial light scries; N.L.= controls with no artificial light. 


Colony 

no. 

Infection 

with 

apterae 

Repro- 

duction 

period 

days 

Mean 
temp, of 
period 

0 Fahr. 

No. of aphids 

Apterae 

% 

A.L. N.L. 

r 

Apterae 

— > 

Alatae 

51 

— 

2 

21 

67 

32 

* 0 

100 

59 

— 

2 

14 

68 

52 

8 (N) 

88-6 

— 

48 

2 

14 

68 

20 

2(N) 

91 

— 

54 

2 

14 

68 

10 
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100 

45 
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5 

14 

68 

40 

5 

89 

m 

— 

2 

14 

68 

44 

0 

100 

— 

49 
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14 

68 

35 
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97 

— 

55 

2 

21 

67 

25 

2 

93 

52 

— 

2 

21 

69 

86 

8(N) 

91-4 

fil 

— 

2 

14 

67 

48 

0 

100 

— 

50 

2 

14 

67 

20 

8 (N) 

71*4 


conditions tend to exert an influence in favouring the occurrence of the 
sexual phase as will be discussed later. 

After the middle of January 1923 the aphids in line B were reared 
under lower temperatures. From the middle of January until June 1923, 
eleven colonies were reared in which males developed on various dates, 
the first being recorded on 20. iii. 23, the last record being 22. vi. 23, 
Altogether about 26 males were recorded in this second winter period. 
Females also developed in five of the eleven colonies referred to above, 
the first record being 28. ii. 23 and the last 15. v. 23. The alatae tested 
out after 24. v. 23 proved to be only virginoparae and no sexual forms 
occurred in the colonies until the following October (third winter period). 

Third winter period 1923. 

Males were first recorded on 6. x. 23 and they appeared in seven 
further colonies on various dates, about 47 individuals being recorded. 
Females were first recorded on 3. x. 23 and subsequently in six further 
colonies. The parthenogenetic line was discontinued at the end of 
December 1923. It will be noted (Fig. 4) tfyat the temperature conditions 
during this winter period were more favourable for the occurrence of 
sexual forms than was the case with the somewhat higher temperatures 
maintained during November and December of the previous winter. 

3. Line C. Sexual forms appeared in this line in October 1922. 
During the period November 8th 1922 to January 12th 1923 five 
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colonies were reared under similar temperatures and artificial light as in 
line B. The results obtained were similar, sexual forms did not develop, 
but females occurred later in a continuation colony from this series on 
28. ii. 23. Six control colonies were reared during this period under 
similar conditions but without artificial light, and no sexual forms 
occurred. However, they appeared earlier in the colonies descended from 
this control series than in the colonies descended from the series which 
received artificial light. One male developed on 19. i. 23 and another on 

7. ii. 23 and females developed on 31. i. 23. These cases are shown in 
Fig. 4 by square symbols. Altogether 8 males were recorded in line C. 
The parthenogenetic line was discontinued at the end of February 1923. 

4. Line I). In this line adult females were first recorded on 24. x. 22 
and they developed in five subsequent colonies, the last record being 

8. ii. 23. No males were recorded which is probably due to the fact that 
only a few colonies were reared and the number of aphids produced was 
small owing to the lower temperatures (see Fig. 4, middle dotted line). 
It is interesting to note that, under these lower temperatures, the alatae 
which developed were only sexuparae and sexual females were produced 
throughout the period. 

5. Line E. Males and females were recorded in October and Novem- 
ber 1924, and the parthenogenetic line was discontinued at the end of 
the latter month. 

6. Line F. Sexual forms appeared about the middle of October 1925 
and occurred during November. From 1. xii. 25 onwards throughout the 
winter period, twenty-six colonies were reared, and sexual females de- 
veloped at frequent intervals as shown in Fig. 4, the last record being 
30. v. 26. The alatae tested out from time to time proved to be sexuparae, 
but in two colonies on 8. iv. 26 and 29. iv. 26 alate virginoparae were 
also present and after 17. v. 26 only virginoparae developed, the sexual 
phase being suppressed. It was particularly noted in this line, during the 
period December to March, that many alatae died without reproducing, 
and careful attention was necessary in order to get the alatae to repro- 
duce. In one instance, about 14. xii. 25, one plant was infected four 
times with a total of 32 alate forms and only 4 individuals were pro- 
duced, which were sexual females. The temperature conditions evidently 
favoured parthenogenetic reproduction and the sexual forms obtained 
were few in number. Even where sexuparae developed, they were in- 
duced to reproduce only with difficulty. From December 1st onwards two 
isolated males were obtained, one on 2. xii. 25 and the other on 15.iii. 26. 
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It will be noted that the temperature during this winter period was only 
slightly lower than during the period November 1922 to January 1923, 
when, in lines B and C, the sexual phase was practically suppressed in 
the control colonies and completely suppressed in those colonies which 
received artificial light. 

7. Line G. Sexual forms appeared in October 1926 and the partheno- 
genetic line was discontinued early in November. 

8. Line H. Under the conditions of short hours of daylight in this 
line (see Section II) adult sexual females were first recorded on 29. vi. 27. 
From 18. vi. 27 to the beginning of October, eighteen colonies were reared 
and females occurred in thirteen of these, the last record being 15. x. 27. 
It was noted that from the beginning of J une the offspring of the apterae 
tended to be alatae, which proved to be sexuparae. Males, on the other 
hand, were not recorded until 14. ix. 27, that is, about the normal time, 
others were recorded on 26. ix. 27 and 15. x. 27, in all a total of five indi- 
viduals. 

From October 6th onwards eight colonies were reared under higher 
temperatures and received artificial light as stated in Section II. Under 
these conditions parthenogenetic reproduction was vigorous and the 
aphids which developed were in a large majority apterae. The compara- 
tively few alatae which developed were found to be virginoparae, and no 
sexual forms were obtained. Nine control colonies were also reared under 
the same temperatures, but without artificial light. Apterae pre- 
dominated also in these control colonies and comparatively few alatae 
developed; those tested out on 15. x and 2. xii. 27 proved, however, to 
be sexuparae and sexual females developed on 5. xi and 13. xii. 27. One 
male was recorded on 2. xii. 27. These three instances are shown in Fig. 4 
by means of square symbols. 

These results support those obtained under similar conditions during 
November and December 1922 in line B. The evidence from line H shows 
that favourable temperatures and long hours of daylight favour par- 
thenogenetic reproduction, whereas the reverse conditions favour the 
sexual phase. Even with favourable high temperatures during the winter 
period (short hours of daylight), although the temperature favours par- 
thenogenetic reproduction, there is a tendency for the sexual phase to 
develop, presumably due to the light factor, as is seen in the behaviour 
of the control colonies in this line. 

9. Line Ha . This is a control for line H, the aphids being descended 
from the same fundatrix. Sexual forms did not develop in the colonies 
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until the middle of October 1927. Females were recorded in three 
colonies on October 8th, 10th and 17th, and the alatae tested out proved 
to be only sexuparae. Three males occurred in one colony on 17. x. 27. 
Colonies from this line were established on Euonymus , ova were laid and 
fundatrices commenced to hatch out on 25. iii. 28. 

From the middle of October to the end of December, ten colonies 
were reared which received artificial light as in line H. The aphids in 
these colonies were chiefly apterae, very few alatae developed and those 
tested out on 16. xi, 12. xii and 15. xii. 27 proved to be virginoparae. 
No sexual forms were obtained. 

Eight control colonies were reared during the same period as in line H. 
Parthenogenetic reproduction was vigorous and no sexual forms were 
obtained. 

10. Line L In this control line sexual forms did not occur until 
October, females being recorded in four colonies about 10. x. 27 and 
14. xi. 27. Three males developed in one colony on 30. ix. 27. The line 
was discontinued about the middle of November. 

VII. CENERAL CONCLUSIONS AND SUMMARY. 

1. Material employed in the experiments. 

Ten related lines of the black bean aphis (Aphis fabae Scop. = A . 
rumicis L.), in which continuous parthenogenetic reproduction was main- 
tained for varying periods, have been reared during the past seven years 
(Fig. 1). The longest period was 2 years 10 months with line B. 50 gene- 
rations having been passed through. The lines were all of the same strain, 
nine of them being descended from line B, which was started from one 
fertilised egg. The remaining lines (except Ha) were similarly started 
from fertilised eggs. 

Euonymus eurojmeus was used us the primary food-plant (winter host) 
and broad beans as the intermediate (summer) food-plant. During the 
summer period (April to October) the aphids were reared in a large open 
glasshouse or in the open-air insectary, and during winter (November to 
March) in a heated glasshouse with varying temperatures (Figs. 4 and 5). 
The Euonymus plants on which fertilised eggs were laid in autumn were 
kept outside in the open during the winter period. 
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2. The normal life cycle of Aphis rumicis L . 

Aphis rumicis is a migrating species in England, its usual winter host- 
being Euonymus europaeus. Its normal life cycle resembles that of other 
migrating Aphidini ; sexual forms occur about October and the fertilised 
eggs commence to hatch the following March (Fig. 2). 

3. Fundatrigeniae generations . 

The fundatrix is considered in this paper as the first generation. Its 
offspring are usually apterae but may also include alatae (migrants). The 
apterae of second generation give rise chiefly to alate migrants and a few 
apterae. The offspring of the latter forms normally consist of alate 
migrants so that the fundatrigeniae generations come to an end. 

There is an inherent tendency for the offspring of the fundatrigeniae 
apterae to develop into alate migrants, evidently associated with the 
evolution of the migrating habit. The proportion of alatae and apterae 
is, however, influenced by environmental factors, particularly over- 
crowding and the condition of the food-plant (nutrition ) \ 

4 . Alienicolae general ions . 

The alate migrants have a strong inherent tendency to migrate from 
the primary host plant, but if confined on Euonymus they reluctantly 
reproduce on it. Moreover, while their offspring on beans develop into 
apterae, when produced on Euonymus some of them develop into alatae 
owing to the influence of the nutrition factor. The migrants initiate the 
alienicolae generations. Under certain environmental conditions the 
succeeding alienicolae generations may consist only of parthenogenetic 
individuals, namely apterae and alate virginoparae. Under other con- 
ditions sexual forms develop. The latter consist of alate males (offspring 
of apterae) and apterous females (offspring of alate sexuparae). The pro- 
portion of sexual and parthenogenetic individuals which develop depends 
upon environmental factors : on the one hand we may get the partheno- 
genetic generations terminated owing to the fact that sexual individuals 
only are produced: on the other hand, only parthenogenetic individuals 
may be produced. Conditions may occur under which both types are 
represented. 

1 In non-migrating species, migrantes in the true sense do not occur and the alatae are 
to bo considered as dispersal forms. Keinhard (19) considers that with A //Am gosmjpii the 
normal tendency is for the parthenogenetic individuals to be apterous. Baker and Turner (2) 
showed that with Aphis porni the complete bi-sex ual cycle could be completed without the 
occurrence of alate individuals. 
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A. The occurrence of alatae and apterae. 

Three types of alate parthenogenetic females occur during the com- 
plete life cycle, namely (1) migrantes, (2) dispersal forms, (3) sexuparae. 
These three forms resemble one another morphologically, but they differ 
in that each type plays a different role in relation to the migrating habits 
of the insect. It is necessary therefore to consider them separately when 
dealing with the influence of various factors on the occurrence of apterae 
and alatae. 

The migrantes have been dealt with in the previous section as they 
belong to the fundatrigeniae generations. The dispersal forms and the 
s<?xuparae occur in the alienicoiae generations. 

The alate dispersal forms (alate virginoparae as distinct from the 
alate sexuparae) are chiefly offspring of apterae. They ensure a wide dis- 
tribution of the species, but are not essential for the completion of the 
bi-sexual cycle. Their occurrence depends upon environmental factors, 
particularly (1) overcrowding, (2) temperature, (3) nutrition. Correlated 
with their function as “colonisers,” their offspring normally develop into 
apterae which latter are more prolific than the alate forms. Under 
favourable conditions the offspring of apterae develop into apterae, but 
with adverse conditions of overcrowding, low temperatures and poor 
nutrition, alatae may also develop. The proportion of apterae and alatae 
depends upon the influence of these three factors. Actually during the 
summer, temperature does not play such an important part owing to the 
moderate fluctuations about a favourable mean temperature. 

The experimental results obtained by Wadley(23) and others with 
other species of aphids show that under the influence of one or more of 
the factors referred to above, the offspring of apterae (and to some extent 
alatae) may develop into apterae or alatae. The fate of the individuals 
in this respect may be determined in the early instars immediately after 
birth, or during pre-natal development in the parent female. From the 
embryological studies of Uichanco(2i; we know that the embryos of the 
young offspring are well advanced, even in the early instars of the parent 
female. With the exception of the work of Ackerman (i) no detailed 
investigations have been made on the physiological aspect of the occur- 
rence of apterae and alatae, and it is to be hoped that his interesting 
observations will be studied further. 

The alate sexuparae mark the appearance of the sexual phase. The 
occurrence of the latter is associated with the seasonal factors of light 
(length of day) and temperature. 
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B. The occurrence op the sexuales. 

The rhythmical occurrence of the sexuales in October each year in 
the various lines (Figs. 4 and 5), indicates that this phenomenon is due 
to the influence of seasonal factors. Light (length of day) and tempera- 
ture have been shown to be the important factors. While with normal 
daylight adult sexuales first occur in October, it was found that in the 
case of line H, in which the colonies received only 8 hours daylight daily, 
sexual females first appeared in June and were obtained in subsequent 
generations throughout the summer. 

When the various lines were continued parthenogenetically through- 
out the winter in a heated glasshouse using normal daylight, sexual forms 
appeared in the colonies until the following May, provided a moderate 
temperature (about a mean of 58° F.) was maintained (lines A and D). 
From March onwards the proportion of parthenogenetic individuals 
increased and with the exception of two instances in early June, adult 
sexuales were not obtained during June to September (excluding line H), 
but they reappeared again in October (line B). 

With moderately high temperatures during the winter period (about 
a mean of 70° F.) sexual forms were obtained only rarely or not at all 
(lines B, H, indicated by square symbols). There was a high proportion 
of parthenogenetic individuals under these conditions and apterae pre- 
dominated. 

With slightly lower temperatures during the winter period (line F) 
a few sexual females were obtained in most generations, but the alate 
sexuparae did not readily reproduce. Males were rare. 

When the colonies were subjected to artificial light in excess of the 
normal daylight during the winter period, and a mean temperature of 
about 70° F. maintained, no sexual forms appeared (lines B and C, 
November 1922 to January 1923 and lines H and Ha, October to 
December 1927). 

The higher temperatures favour the development of parthenogenetic 
forms, while the winter light conditions favour the development of the 
sexual forms. The normal parthenogenetic method of reproduction during 
the summer, and the suppression of the sexual phase is to be considered 
as an expression of the influence of these favourable seasonal factors 1 . 

1 The few records of the occurrence of sexuales in tropical and sub-tropical countries 
does not necessarily indicate a complete absence of those forms in most species. Owing to 
the favourable environment, parthenogenetic forms may be dominant, and the sexuales 
comparatively few. Yingling ( Journ . Econ, Entom. p. 223, 1917) records the sexual females 
and eggs of Anoecia corni in South Texas during December, 
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From the cytological studies of Morgan, von Baehr, and others it is 
evident that the mechanism which determines the change from the 
parthenogenetic to the sexual individual, is associated with the chromo- 
somes. The fate of the offspring of the sexuparae is therefore determined 
during their pre-natal development. Thus, for instance, although adult 
sexual forms occurred up to about the end of May, they were probably 
determined by the conditions obtaining about the end of April. 
When adult alate sexuparae were isolated in July from colonies in 
line H and placed under normal daylight conditions, their offspring 
developed into sexual females. Similarly, during the winter period, 
when alate sexuparae, reared under temperatures about 58° F., were 
transferred to higher temperatures, their offspring developed into sexual 
females. 

The fundatrix is also predetermined in the fertilised egg, and Baker 
and Turner (2) have shown with Aphis pomi that the embryo is well 
advanced by the time the fertilised egg assumes the winter resting con- 
dition. With migrating species of aphids like A. rwmicis it is possible 
that not only is the fundatrix predetermined but also the occurrence of 
the alate migrants is inherently established. This would explain why 
sexual forms did not appear in line H until June. Actually in this 
instance alate sexuparae developed in the second alienicolae generation 
as shown below. 


Fund. — ► apt. — ► alate — ► 
migrants 



Euonymus 


alate 

sexuparae 


Beans 


Normally, in nature, many alienicolae generations are passed through 
before the sexuales appear in autumn, and the results referred to above 
show clearly that the sexual phase develops irrespective of the number 
of generations passed through. The seasonal factors concerned in affecting 
the occurrence of the sexual and parthenogenetic phases in the life 
cycle of A . rumicis are shown graphically in Fig. 6, and the dates of the 
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occurrence of sexual forms in the various lines should be referred to 
this diagram. 



Fig. 0. Diagram illustrating the relation of seasonal factors of temperature and sunshine 
(Rothamsted Records) and daylight throughout the year. The dates of the occurrence 
of sexual forms in the various lines of A. rumicis should be referred to this diagram. 


SUMMARY. 

1. Ten related lines of Aphis rumicis L. have been reared in which 
parthenogenetic individuals were obtained in successive generations 
extending over varying periods (Fig. 1): the longest period was 2 years 
10 months (line B), 50 generations having been passed through. 

2. The aphids were reared in an open-air insectary or a large, open 
glasshouse during April to October (summer period) and in a heated glass- 
house w T ith varying temperatures (Figs. 4 and 5) during November to 
March (winter period): Euomjmus europaeus was used as the primary 
host and Vida j aha as the intermediate food plant. 

3. The life cycle of this species resembles that of the normal type of 
migrating Aphidini: in S.E. England the fundatrix usually hatches in 
March and the adult sexuales appear in October. 

4. Three types of alate parthenogenetic females occur during the 
complete cycle, namely migrantes, dispersal forms and sexuparae: these 
forms resemble each other morphologically but differ in their relation 
to the migrating habits. 

(a) The migrantes may develop as offspring of the fundatrix, but 
more usually they are offspring of the fundatrigeniae apterae: their 
occurrence is due to some extent to an inherent established tendency, 
associated with the migrating habit, but the numbers which may occur 
in the various fundatrigeniae generations is influenced by overcrowding 
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and the condition of the food plant (nutrition) : they normally produce 
apterae (alienicolae). 

(6) The alate dispersal forms are usually offspring of alienicolae 
apterae, but may also be produced by the alatae : their occurrence in the 
various alienicolae generations is affected by overcrowding, nutrition and 
temperature: they normally produce apterae, but under adverse con- 
ditions may also produce alatae. 

(c) The alate sexuparae are offspring of alienicolae apterae and their 
occurrence marks the appearance of the sexual phase; they produce 
sexual females. 

5. With suitable environmental conditions the parthenogenetic 
alienicolae generations may be maintained experimentally for long 
periods, and the sexual phase may be induced or suppressed depending 
on the factors of light (length of day) and temperature. The effect of 
nutrition (if any) due to the influence of these factors on the plant has 
not been determined. 

6. With the normal seasonal hours of daylight, adult sexual forms 
appeared regularly in the various lines in October each year. Moreover, 
they were obtained throughout the winter period until the following May 
when moderate mean temperatures (about 58° F.) were maintained 
(lines A and D); with higher mean temperatures (about 70° F.) during 
this period, they only occurred occasionally (lines B and C, November 
1922 to January 1923, and lines H and Ha, November to December 
1927); with slightly lower mean temperatures (line F) a few sexual 
females were obtained in every generation, but males were rare. 

7. When the colonies received only 8 hours daylight daily from the 
fundatrix stage onw T ards (line H), sexual females developed in June and 
subsequent months ; males did not appear until October. 

8. When colonies received artificial light from electric lamps, in 
addition to the normal hours of daylight, during the winter period (lines 
B and C, November 1922 to January 1923, and lines H and Ha, November 
to December 1927) no sexual forms were obtained ; the mean temperature 
was about 70° F. and, as stated in paragraph 6, the sexual forms only 
occurred in isolated instances in the control plants (received no artificial 
light) owing to the influence of the high temperature. 
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THE INTERNAL CONDITION OP THE HOST PLANT 
IN RELATION TO INSECT ATTACK, WITH SPECIAL 
REFERENCE TO THE INFLUENCE OF PYRIDINE 

By J. DAVIDSON, D.Sc. 

Waite Agricultural Research Institute , University of Adelaide , A ustralia, 
and II. HENSON, B.Se. 

Assistant Lecturer in Zoology , University of Leeds. 

(From the Entomology Department , Rothamsted Experimental 
Station , Harpenden.) 

PART I. THE NATURE OF THE PROBLEMS INVOLVED 1 . 

By J. DAVIDSON. 

The study of the internal condition of the food plant in relation to insect 
attacks has received very little attention on the experimental side, and 
a wide field is open for research on these lines. After a lengthy investi- 
gation of the factors affecting the infestation of the tea plant by Ilelopeltis 
theivora , Andrews (l) concluded that the vitality of this insect is directly 
controlled by the suitability or otherwise of the food supply. Withy- 
combe (ii) in Trinidad has shown that sugar cane growing on heavy 
clay soils, having badly aerated roots and a marked susceptibility to 
water shortage, more readily succumbs to the attack of the frog-hopper 
Tomaspis saeeharina. Davidson (3) showed experimentally that there was 
a marked variation in the intensity of reproduction of Aphis rumicis on 
Vida f aba depending upon the nutrients supplied to the plants. Lees (5) 
refers to several instances which indicate the varying susceptibility of 
plants to insect attack due to the influence of soil conditions and growth 
of the plant. 

The association of particular species of insects with particular food 
plants has doubtless resulted in an adaptation on the part of the insect, 
especially with regard to the physiology of digestion, in a manner best 
suited to its requirements. Many insects fail to live, or at any rate 
develop abnormally and only multiply at a markedly reduced rate, on 

1 The observations and experimental work on this subject were made at the Rothamsted 
Experimental Station while the writer was a member of the staff of the Entomological 
department. 
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other than their normal food plants as the writer ( 2 ) has shown to be the 
case with the polyphagous aphid A . rumicis. In some cases the specificity 
of the food plant is so definite that certain insects inhabiting one variety 
of a plant will fail to live on a closely related variety. One of the best 
known instances of this is the resistance of certain varieties of vines to 
Phylloxera. Trligardh, as referred to by Muller ( 0 ), records that apple 
trees may differ from 2*5 to 80 per cent, in the degree to which they are 
attacked by Argyresthia conjugella. 

The resistance or immunity of a plant to insect attack may be due 
to particular features of its morphology or anatomy. In most instances, 
however, it appears to be due to features closely associated with the 
physiology of the plant, probably the presence or absence of particular 
substances in the tissues of the plant which render it \msuited to the 
insect. For instance, the larvae of Pirris brassicac and P. rapae appear 
to feed on those plants whose leaves contain a particular glucoside, one 
of the mustard oils, and it has been shown by Verschaffelt that when 
this substance was smeared on leaves which the caterpillars normally 
avoid, they were attracted to feed on them. The chemotropic influence 
and other factors which enable adult insects to select their appropriate 
food plants is little understood, and would be a profitable line of enquiry. 

It is interesting to note that certain alkaloids, which when extracted 
from plants are toxic to insects, are not so in their natural state in the 
living plant. For instance, the tobacco plant is visited by cut worms, 
caterpillars and plant-sucking insects, yet nicotine which is extracted 
from it is a potent insecticide. 

It may well be that the presence of certain chemical substances in 
the juices of plants render them unsuited to the requirements of certain 
insects, but no clear experimental proof of this with reference to insect- 
attack, so far as 1 know, has been brought forward. By inoculating the 
juices from one plant containing particular chemical compounds into 
another plant known to be lacking in those substances, one might expect 
the substances would be taken up into the juices of the latter plant, at 
any rate in so far as its physiological reaction would allow of this taking 
place. With this point of view, Muller (i*) injected extract of tomato 
rhubarb and tobacco sap into the stem of an apple tree infested with 
Eriosoma Imdgerum in May and June, but there was no evidence that 
the aphid was affected by this treatment. 

Grafting would appear to be a more reliable method of obtaining a 
transference of particular substances from one plant to another. Roach (S), 
who cites several authors, states, “It is known that gralting together 
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portions of two different plants is sometimes followed by changes in 
their chemical contents owing to permeation of each by substances 
formed in the other. ” He refers to the work of Brown (1926), who 
showed that the mineral composition of the fruit of the apple varies 
according to the stock on which the variety is grafted, and Barker and 
Grove (1914), who found that the acidity and probably the tannin content 
are similarly affected. 

The so-called “incompatibility” between scion and stock, when for 
instance certain varieties of pears are grafted on certain quince stocks, 
which is being investigated at East Mailing Research Station is of interest 
in this respect. The results of research on the physiological and bio- 
chemical aspect of grafting should be of great interest to entomologists 
in relation to the association of certain insects with particular varieties 
of fruit trees. 

In a recent paper Dontaho Kostoff (l) states: “In grafting certain 
species and genera of the Solanaceae, mutual induction of antibodies in 
scion and in stock was found. ” “Physiological interaction between 
scion and stocks accompanied by different morphological phenomena in 
the scions and stocks were observed, which are explicable by postulating 
antibody production.” 

From the entomological standpoint, attempts to confer on plants 
temporary immunity from insect attack have been based on the view 
that the plant may be induced to take up, and absorb into its tissues, 
traces of certain chemical substances which, although innocuous to the 
plant concerned, would by their presence render it unsuited or even toxic 
to the insects infesting it. 

It is clear that the results of any attempt to influence the growing 
plant as indicated above must be closely bound up with the physiological 
processes of the plant, and it is not surprising to find that conflicting 
results have been obtained by different investigators. In a recent mono- 
graph entitled Die inner e Therajrie der PJlanzen , A. Muller (<>) has 
reviewed the subject very thoroughly and shown how complicated are 
the many factors concerned. This monograph is a noteworthy contri- 
bution to a wide subject which has been comparatively little explored. 

The methods which have been employed by various workers in 
introducing chemical substances into plants may be briefly grouped 
under two headings: 

(a) By injection of substances in- solution into the stem or roots of 
plants (usually trees) or by introducing solid substances (e.g. potassium 
cyanide) into holes in the stem. 
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( b ) By introducing the substances either as solids or as solutions 
into the medium in which the plant is growing, the substances being 
taken up in the usual way through the roots of the plant. 

The former method has been used by several workers with the object 
of ridding trees of borers, aphids, and scale insects. In the case of 
solutions, holes are bored into the stem in which a tube is inserted, the 
solutions being led into the tree from a suitable reservoir. The staining 
of the wood of living trees on this principle has long been practised and 
various types of apparatus have been devised for introducing solutions 
into trees. Under the influence of the transpiration current, a fairly 
uniform distribution of the solutions throughout the tissues is obtained. 
The wood when seasoned is used for making furniture. Aniline dyes and 
those of the phenol group have been chiefly used at concentrations of 
0-5 to 1 per cent., about GOO litres of solution being required per cubic 
metre of the tree. Dementiev (Abstr. R.A . Entom. A. hi, 1915, 394) 
introduced a solution of barium chloride 1 : 350 into apple trees infested 
with woolly aphis in July 1903. He records that after nine days the 
aphids had been practically all killed. Muller (fi) tried similar methods 
against E. lanigerum using solutions of chloral hydrate, nicotine muriate, 
and pyridine. The latter gave good results. Marked branches of apple 
trees treated with pyridine on 8. vi. 22 were found to be freed from the 
aphids on 7. vii. 22. 

Employing similar methods, other chemical substances in solution 
have been tried by different workers, but in many cases the results have 
either been negative, or the resulting damage to the plants, due to the 
treatment, has ruled out the method as of no practical value. It is clear, 
however, that meteorological conditions, time of the year (season), age 
and type of tree, and concentrations of the substances used, are important 
factors affecting the results obtained. 

The introduction of solid substances into the stem of the plant has 
the advantage of being a convenient and simple method. Sanford 
( Science , Oct. 9th, 1914, No. 1032, 519) treated Spanish broom infested 
with Icerya purchasi by boring a hole three inches deep, diameter 
three-eighths inch, into the stem and filling it with crystals of potassium 
cyanide. In a few days the scale was killed and the tree flourished. 
Shattuck (Science, Feb. 26th, 1915, No. 1052, 324) states that large 
groves of elms and black locust trees were successfully treated by this 
method against attacks of borer and girdling insects. Moore and Ruggles 
( Science , July 2nd, 1915, No. 1070, 33) however obtained negative 
results with this method against wood borers in oak trees. Muller (p. 49) 
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refers to the work of Mokrzeki, who successfully treated apple and pear 
trees infested with Lepidosaphes ulmi and Diaspis fallax with iron 
sulphate solution. 

The method whereby the chemical substances concerned are added 
to the soil in which the plants are grown is a more normal and convenient 
one. There are some interesting examples in the literature showing the 
curative effect on plants of adding particular substances to the soil. 
The best known case is probably that of chlorosis due to deficiency in 
the soil of iron or manganese. Samuel and Piper (0) have shown con- 
clusively that the “Grey Speck” disease of oats in certain areas of South 
Australia is due to a manganese deficiency in the soil, and by the in- 
corporation of manganese sulphate in the soil the disease can be 
completely cured. Andrews (J), working with Helopeltis thcivora infesting 
the tea plant in North-east India, found “That when a constant supply 
of soluble potash is applied to the roots of the (tea) bush, this substance 
is taken up and the bushes which are entirely shut up by the pest can 
be caused to throw it off entirely, and remain immune from attacks for 
the rest of the season.” Brenchley and Warrington at Rothamsted and 
others have shown the stimulating effect on plant growth of minute 
doses of certain chemical substances, r.g. Boron, which in slightly 
stronger doses are toxic to the plant. 

Muller((>), working with “ Blumenbohnen ” in water culture, tested the 
effect on the plants of a range of substances in various concentrations. 
He found for instance that with pyridine 1 : 500 and barium chloride 
1 : 5000, after 5 and 17 days respectively, no ill-effects were noted on 
the plants 1 . 

In 1924 the writer made some preliminary experiments in which 
solutions of various substances were inoculated by means of a hypo- 
dermic syringe into the stems of growing plants of Vicia faba infested 
with aphids. The following substances were used, strychnine, atro purine, 
digitalin, arsenic, potassium cyanide, nicotine, and pyridine. In several 
cases the substances were evidently carried through the plant in an 
irregular manner to the growing tip, and the aphids were killed. In some 
cases the plant itself was also killed, pathological symptoms first showing 
in certain areas of the growing tip, and as in the case of arsenic gradually 
spreading through the whole plant. Experiments were continued the 

1 With MgS0 4 1 : 500 and chloral hydrate 1 : 1000, it was observed that the plants 
made better growth and bigger root development. The writer eo working with Vicia faba 
in water culture in 1923 also obtained marked increase in root development and growth 
of the plants in solutions containing increased MgS0 4 as compared with the controls 
growing in normal culture solution. 
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following year by placing cut stems of Vida faba plants infested with 
Aphis rumids into solutions of various substances. The examples given 
in the following table of some results obtained at Rothamsted in July 
1920 by Mr H. T. Pagden indicate the type of results obtained. 

Date and time observations made 


29. vii. 30. vii. 


Solutions 

used 

Plant 

no. 

28. vii. 
10 a.m. 

r * 

10 a.m. 

G p.m. 

...... / 

< 

10 a.m. 

G p.m. 

Tap water 

1 


Plants and aphids 

Normal 

Normal, aphids 

Normal, aphids 

controls 

2 

efl 

normal 


quiet 

quiet 

K(’N 

4 

O 

Aphids slightly 

Aphids sluggish ; 

Aphids sluggish ; 

Many aphids dead; 

0-25 % 

5 

c w- 

wandering over 

plants wilting and 

plants wilting 

did not wander, 


(> 

.2 *S 

plants; plants 

bending over 


but died with 



2 c 

appear normal 

about middle of 


stylets in tissues 



0-~ 

% . 


stein 


of plant 

Ito(JI 2 

7 

a .5 

Aphids wandering. 

— 

Some aphids dead, 

— 

1 : 350 

S 

Z ^ 

t r " < 

some dead; plants 


many wandering 



9 


wilting 


actively; plants 




'cL 



with leaves badly 




’“ H * 

® C 



blotched 


Ml'SO, 

10 

C a 

Plants and aphids 

Plants normal; 

Plants appear nor- 

Plants appear nor- 

M 10 

11 


normal 

aphids slightly 

mal; aphids wan- 

mal; aphids ac- 


12 

q 


wandering 

dering 

tively wandering 



© 




over plants and 







muslin cover 


Xole. 1(H) e.e. of solution used in each case. Mean temperature throughout the period was 24-5° 0. The 
amount of solution taken up by the plants varied. In the case of the control series, 50 e.e. were taken up during 
the first 24 hours, whereas in the wise of the other solutions only 15-20 e.e. were taken up. 


From preliminary experiments with pyridine, it was found that, when 
beans grown in sand culture and infested with Aphis rumids were 
watered with pyridine solution 1 : 200 and 1 : 150, the pyridine was 
evidently taken up by the plant to the growing tip, and the aphids 
wandered from the plant about 12 hours later, the great majority of 
them being killed. During the first day or two after commencement of 
the experiment, the plants did not exhibit any marked effect of the 
pyridine. On examination of the roots after a few days it was found, 
however, that the fine rootlets were discoloured and dead. When the 
pyridine solution was watered to beans growing in soil, the effect on the 
aphids was not so quickly shown. In order to find out the strength of 
pyridine solution required to free the plants from the aphids and at the 
same, time not to injure the plants, Mr Henson has carried out a series 
of experiments which are described in the second section of this paper. 
The results obtained indicate a useful line of enquiry in relation to the 
effect of pyridine and other chemical substances on the aphids and the 
physiological reaction of the plant. 
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PART II. ON SOIL TREATMENT WITH PYRIDINE AND 
ITS EFFECT ON THE INFESTATION OF VICIA FABA 
BY APHIS IIUMIC IS L. 

By H. HENSON. 

Dr Davidson’s preliminary experiments on this subject are referred 
to in Part I of this paper. They indicated that it was possible to ad- 
minister a substance such as pyridine to a plant and that it would take 
this up via the roots and so render itself toxic to insect pests such as 
aphids, which live by sucking the plant juices. During the summer of 
1928 a series of experiments were undertaken in order to further investi- 
gate this subject and to determine whether the method showed promise 
of being of any economic importance. Pyridine was chosen because it 
was known to give positive results and because its odour rendered its 
presence in the plants easily detectable. A wide field for investigation 
is offered by the possibility of using other substances. The whole work 
was done under the direction of Dr A. 1). Imms and Dr J. Davidson, to 
whom my best thanks are due. 

Three experiments were projected as follows: 

(a) Administration of pyridine to infected broad beans under con- 
ditions which would prove whether or not a lethal effect, due to root 
absorption, could be obtained. It was also used as a preliminary investi- 
gation of the degree of concentration required. 
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(b) Administration of pyridine under conditions similar to the above, 
to determine whether a range of concentrations was available in which 
the pyridine was potent to the animal but harmless to the plant. 

(c) An experiment in which beans not infected with aphids were 
given pyridine and then its effect determined by taking the dry weights 
of the plants treated, and of controls untreated. This experiment was also 
taken advantage of to determine whether a small amount of pyridine 
administered several times had a different effect from a larger amount 
administered once. 

Experiment 1 (a). 

Two series of beans were grown, one in soil and the other in sand. 
The sand cultures consisted of 48 pots divided into five series, 
four of ten each and one of eight. The pots were 9 x 11 in. (inside 
measurements) and were each fitted with a cork and glass drain tube. 
Any water which drained through was always returned to its own 
particular pot. Three days after planting (May 11th) each pot was given 
1 gin. potassium nitrate, 1-24 gm. sodium sulphate, 0-4 gm. calcium 
chloride, 0*5 gm. magnesium sulphate, 0-5 gm. potassium dihydrogen 
phosphate and a trace of iron chloride made up in tap water. Sub- 
sequently the plants were only watered as required. On May 30th each 
plant was infected with one apterous viviparous female aphid (A. 
rnmicis L.), tin* plants covered with muslin bags, and the infestation 
allowed to proceed. The commencement of the experiment for each pot 
was taken as the day on which the first young were produced. Apart 
from a few of the controls each pot was given 18 days as a reproduction 
period taking the day on which the first young were produced as the 
starting point. On June 11th pyridine was administered to 30 of the 
pots. The five series into which the 48 pots were divided were as follows: 

1. Ten control pots in which petri dishes containing pyridine (1 part 
pyridine in 200 parts water) were put on the surface of the sand as a 
check on the action of the vapour given off from the treated pots. 

2. Eight control pots in which dishes were not present. 

3. Ten pots to each of which 500 c.e. of a l per cent, solution of 
pyridine in water were added, i.e. 2| c.c. pyridine per pot. 

4. Ten pots to each of which 500 c.c. of a \ per cent, solution of 
pyridine in water were added, i.e. 1 \ c.c. per pot. 

5. Ten pots to each of which 500 c.c. of a, J per cent, solution of 
pyridine were added, i.e. § o.c. per pot. 
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The controls were given 500 c.c. of water at the same time as the 
pyridine was administered to the other pots. 

A table of the results is given below. The reproduction figures are 
given in the columns. Owing to pressure of time and the fact that pots 
were urgently required for the next experiments, some of the controls 
were examined before the expiry of their allotted f8 days. These are 
indicated in the columns. 

Exp. 1 took place over the period May 31st- June 23rd. Mean 
temperature during this period was 60° F. 

Table I. 

Controls 

f A -v Pyridine administered 

With vapour Without vapour , A N 

dishes dishes jj c.o. per pot I,| c.e. per pot 2J c.c. per pot 


1 

388 (15 days) 

365 

Od 

Od 

0 w 

2 

391 (17 daya) 

385 

9 

0 

0 w 

3 

398 

396 (13 days) 

15 

0 

0 d 

4 

413 (13 days) 

41 1 (13 days) 

40 

0 

Od 

5 

421 (10 days) 

— 

59 

2 

0 w 

6 

r>io 

566 

00 

0 

O w 

7 

518 

— 

70 

12 

Od 

8 

820 

747 

75 

23 

0 d 

9 

878 

782 

169 

32 

0 

10 

Discarded 

1043 

295 

58 

4 

Mean 

520 

587 

80 

13 

— 


It will be seen at once that the pyridine has a very marked effect on 
the infestation. In those cases in which the infestation was not entirely 
checked it seemed likely that it was due to reinfection after wandering 
of the aphids. Very numerous dead aphids were 1o be observed on all 
the plants which were given pyridine. The figures further indicate that 
the plant takes up the pyridine in direct proportion to the concentration 
in which it is administered. 

Notes on the effect on the plants. Too much significance should not be 
placed on the following notes as the pyridine was in contact with the 
plant roots for a matter of five days or so, which would not be the case 
under field conditions. A small “w” in the columns in Table I indicates 
the plant to have been badly wilted. A small “d” indicates less severe 
damage. The roots were badly affected in all cases, being caused to go 
black and lose their turgidity. The effect was worse in the higher con- 
centrations as would be expected. The wilting was probably correlated 
with cessation of absorption by the roots. The affected plants also 
tended to go lighter in colour. Of course the controls were not affected 



J. Davidson and H. Henson 


467 


in this manner. In a few plants the pyridine was washed out and the 
plants allowed to go on developing. One of these bore fruit and was still 
healthy on July 24th. 

Experiment l (b). 

Soil pots were treated in a similar fashion. Twenty-four pots were 
taken and divided into three series: (1) 8 controls; (2) 8 to which f c.c. 
pyridine per pot was administered in 500 c.c. water; (3) 8 to which 
2 1 c.c. pyridine per pot were administered in 500 c.c. of water. 

Beans planted May 9th. Plants infected May 30th. Allowed 18 days 
as time of reproduction. 

Results tabulated below (Table II). 

Table II. 

Soil series. 

Pyridine administered 


Controls 

$ c.c. per pot 

2£ c.c. per pot 

1214 

1202 

50 

1211 

915 

24 

IXXi 

860 

12 d 

882 

723 

11 

300 

618 

10 

214 

209 

3 

1281 

128 

o 

Discarded 

Discarded 

0 

871 

667 

14 


Mean temperature 60° 

h\ 


It will bo seen that only one plant was badly affected. In fact all 
the others were apparently normal. The roots also were not nearly so 
badly affected as in the sand pots. 

Exp. 1 proves that the pyridine is absorbed by the plants and, pro- 
vided a suitable concentration is used, is lethal to the aphids. The con- 
centrations to be used in Exp. 2 lie between 24 c.c. and | c.c. per pot in 
the soil series, and between 1| c.c. and a lower limit not determined by 
Exp. 1 in the sand pots. 

Experiment 2 (a). 

In Exp. 2 (a), thirty sand pots were taken as before. The beans were 
planted in seed boxes on May 31st, transplanted to the pots on June 19th 
and culture media given to each pot as in Exp. 1, i.e. 1 gm. potassium 
nitrate, 1*24 gm. sodium Sulphate, 0*4 gm. calcium chloride, 0-5 gm. 
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magnesium sulphate, 0*5 gm. potassium dihydrogen phosphate made up 
in tap water. On June 25th each plant was infected with a young 
apterous form and left to become infested. The date on which each 
mother first produced young was noted and the experiment was con- 
tinued for 16 days (each pot) after this date. Pyridine was administered 
to each pot (in 500 c.c. of water) on the twelfth day (after infection) and 
left in contact for four days. The pots were then washed through with 
tap water. 

Six series of five plants each were taken : 

(1) Controls to which no pyridine was given. 

(2) Five pots to which 0*1 c.c. pyridine was given. 

(3) Five pots to which 0*2 c.c. pyridine was given. 

(4) Five pots to which 0*5 c.c. pyridine was given. 

(5) Five pots to which 0*6 c.c. pyridine was given. 

(6) Five pots to which 1-25 c.c. pyridine were given. 

During the period of the experiment the temperature was abnormally 
high and a high reproduction rate prevailed among the aphids. Under 
these conditions any slight variation in the action of the pyridine 
produced a much more noticeable effect on the counts due to the very 
rapid recovery after the check on the infestation. This is suggested as 
the explanation of the rather aberrant figures of 617 and 580 in two of 
the 1*25 c.c. pots. Further, it is probable that under the hot dry con- 
ditions the plants absorbed and quickly eliminated the pyridine. No 
data have been obtained with regard to variation in rate of absorption 
by the plants or of the conditions of their responses to the presence of 
the poison. 

A table with the infestation figures is given as before. 

Reproduction period 16 days. Mean temperature July 2nd~21st 70° F. 


Controls 

•1 c.c. per pot 

•2 c.c. per pot 

*5 c.c. per pot 

•6 c.c. per pot 

1-25 c.c. per pot 

2869 

1684 

681 

667 

181 

617 

2655 

1842 

1311 

290 

50 

580 

2297 

1691 

1463 

415 

223 

56 

2562 

1657 

Plant no good 

554 

242 

Plant died 

2908 

2757 

1739 

206 

56 

3 

Mean: 

2658 

1906 

1298 

426 

150 

314 


The actual concentration per pot cannot be ascertained owing to 
the amount of water in each pot being unknown. The lowest concen- 
tration used was 0*1 c.c. per pot and was actually something less than 
1 in 5000. 
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It will be observed that the same effect was obtained as in Exp. 1. 
The effect on the aphids is proportional to the concentration of the 
pyridine. This is the case even down to the very lowest concentrations 
used. No clear cut range* of concentrations has been obtained in which 
the pyridine was lethal to the aphids but harmless to the plants. 

The effects on the plants. 

In no case was a detrimental effect on the plants noticed. As the 
highest concentration used was 1-25 c.c. per pot this agrees almost 
exactly with what was found in Exp. 1, where only one plant was 
damaged seriously by this concentration. From casual observance there 
seems to be a check on growth but no actual damage. Ten plants were 
washed clear of pyridine and left. These were still alive and healthy 
on August 18th. 

From these data it would seem that two courses of action could be 
taken to check infestation : (a) a low concentration administered several 
times, or (b) a high concentration (represented by the 1-25 c.c. per pot 
cone.) allowed to act once. 

Whichever of these alternatives is chosen will depend on the effect 
on the plants. Further data on this point will be obtained from the dry 
weight experiment. 

Experiment 2 (/>). 

This was another soil pot experiment which gives results in accordance 
with what was discovered in Exp. 1 (6). 

Reproduction period IS days. Mean temperature 70 F. 


Controls 

•8 c.c. per pot 

1*25 c.c. per pot 

1496 

538 

544 

1123 

227 

1237 

333 

2107 

649 

1414 

528 

72 

1091-5 

850 

625 


Experiment 3. 

The object of this experiment was to determine the effect of the 
pyridine on the plants. Beans were planted in sand pots on June 20th. 
On June 21st each pot was given a culture solution containing 3 gm. 
potassium nitrate, 3 - 72 gm. sodium sulphate, 1*2 gm. calcium chloride, 
1-5 gm. magnesium sulphate, 1-5 gm. potassium dihydrogen phosphate 
(made up in tap water). Earch pot had ample supplies of water. 
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Twenty-four pots were used and divided into three series as follows : 

(1) Eight controls to which pyridine was not added. 

(2) Eight pots to which 1*2 c.c. pyridine in 500 c.c. water were added 
on the fortieth day after planting (July 30th). 

(3) Eight pots to which 0*2 c.c. pyridine in 200 c.c. water was added on 
six occasions, July 24th, 2Gth, 28th, 30th, August 1st and 3rd. 

Each pot had a drain tube as in previous experiments and ample 
supplies of water were always present ; the drain water was returned to 
the pot at intervals. 

The results are given in the table as dry weights of the plants 
concerned. 

Dry weights. Period of experiment June 20th- August 14th. Weight in gm. 



Controls 

1*2 c.o. per pot 
given once 

*2 c.c. per pot 
given six times 


1-9 

1*45 

1-55 


3-95 

2*15 

1*7 


4-2 

2*85 

2 


4*45 

3 

2*85 


5*3 

3*5 

3*9 


6*7 

3*6 

4*5 


8*3 

4*7 

4*95 


9*3 

5*55 

5*05 

Total 

44*1 

20*8 

20*5 

Mean 

5*5 

3-35 

3*31 


It will be seen at once that a very marked effect on the plants is 
evident from their dry weights. This single experiment is not by any 
means conclusive, since the existence and extent of the subsequent 
recovery remain unknown and many more experiments are really 
required to settle these points. In this particular case no difference is 
to be observed between the series in which a large dose of pyridine was 
administered once and the series in which an equivalent amount was 
administered in successive 1 small doses. 

Conclusion. 

It is known that it is possible to administer to the roots of broad 
beans certain substances which are absorbed and transferred to the 
leaves and stems. In experiments in which pyridine was used it is shown 
that this substance, in suitable concentrations, exercises a marked 
detrimental effect upon the aphids. There are many features which 
render the exact conditions rather difficult to define. The great majority 
of these features are concerned with the conditions governing absorption 
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by the plant and with the effect of the pyridine on the plant after 
absorption. It was noticeable in the sand experiments that the effect 
on the aphids was to a large extent proportional to the amount of 
pyridine administered to the plant. The experiment in which dry weights 
of treated and control plants were compared shows quite plainly that 
a very evident effect is caused by the pyridine. In experiments on plants 
growing in soil the pyridine appeared to have a much less detrimental 
effect on the plants. It still had a very obvious effect on the aphids 
when present in sufficiently high concentration. This concentration had 
to be much higher than was the case with plants grown in sand. 


(Received April 19th , 1929.) 
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ON THE ECONOMIC STATUS AND BIONOMICS OF 
SMINTHURUS VJRIDIS, LUBB. (COLLEMBOLA). 

By W. Maldwyn Davies, B.Sc., 

Department of Entomology , Rothamsted Experimental Station. 

(Plate XIV.) 

The inclusion of species of the order Collembola among the list of injurious insects 
has, from time to time, given rise to considerable scepticism among those concerned 
with economic entomology. It is, therefore, thought desirable to place on record 
controlled experiments which leave no doubt as to the depredations of one species, 
SmirUhurus vtridis, Lubb., of this primitive group of insects. Further, our knowledge 
of the bionomics of Collembola is so scanty that data obtained with reference to the 
life-history and habits of this particular species may be of interest. 

Geographical Distribution ami Description. 

Sminthurus viridis , Lubb. (fig. 1) is the only British species now included in the 
genus Sminthurus, of the subglobular forms (Symphypleona) of Collembola. This 



greenish yellow springtail is found commonly, especially in spring and autumn, on 
grassland and clover leas all over the British Isles, while its distribution abroad is 
very wide, it being recorded from Australia, New Zealand, and the whole Palaearctic 
region. The average size of adult specimens is 2 *0-2*5 mm. ; the head is anteriorly 

(X8460) Wt P3/D46 400 8/28 Gp 52 1 


[Reprinted from the Bulletin of Entomological Research, Vol. XVIIJ., Pt. 3, February, 1928.] 
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obtuse, the angle enclosing the mouth-parts, which are adapted for both biting and 
sucking. The eyes, situated on a patch of black pigment on the posterior half of the 
head, stand out in contrast to the green body. The 4-jointed antennae, slightly 
anterior in position to the eyes, are also green except for the terminal segment, which 
is reddish in colour and is marked off into a series of about 20 constrictions, each 
with a whorl of fine hairs around its circumference. The thoracic segments are very 
much reduced, being telescoped between the head and the abdomen, the latter com- 
prising about two-thirds the size of the entire insect. The legs are five-jointed and 
terminate in two unequal tibio-tarsal claws (fig. 1, B).* The abdomen, subglobular 
in form, bears ventrally the characteristic appendages of Collembola ; the ventral 
tube is long and its walls are covered with warted prominences ; the hamula or 
" catch ” on the 3rd segment is well developed, as also is the furcula or 14 spring " 
with its stout manubrium and elongate dentes and mucrones (fig. 1, C). The whole 
body and legs are covered with fine hairs, and there are no glandular openings on 
the furcal segment. 

Sminthurus viridis is phytophagous in its feeding habits, despite the fact that 
many of its related species are saprophytic. Lubbock 1 in 1873 stated that “ some 
species of Smynthurus live on leaves ” ; this was the first indication that Collembola 
may be of economic importance. Sminthurus viridis is omitted in Theobald's 2 list 
of injurious species of Collembola in 1910, but it is possible that some of the previous 
records of damage by Sminthurus sp. may have referred to this particular species. 
The first authentic record of damage by this species appears to be that of Lea 8 in 
1920, when under the popular name of 44 lucerne flea " it was reported to cause 
considerable damage to that particular host-plant in South Australia. Subsequent 
reports (1921-1924) from the same area have been published, and among its host- 
plants are lucerne, clover, Cape dandelion, beans, potatoes, sugar-beet, oats, barley, 
and grasses. Sminthurus viridis was declared a pest under the Plant Diseases Act, 
1924, in New South Wales. 4 It is interesting to note also that under the new scheme 
of the Empire Marketing Board (1927) for the distribution of parasites of insect 
pests to the Colonies, one of the first demands was that from Australia for parasites 
of this insect. In Great Britain, however, its economic significance appears to 
have been overlooked, and probably owing to its elusive habits, its depredations 
have been included among those of species of Apion, Hypcra, etc. 


Experimental Evidence of Damage. 

During an investigation of the economic position of Collembola the writer was 
able to make detailed observations regarding the occurrence and habits of Sminthurus 
viridis on clover leas at Rothamsted. On witnessing, under a hand-lens, several 
specimens feeding on clover leaves and realising the enormous numbers present, it 
became desirable to estimate, at least qualitatively, the amount of damage caused 
by these insects. A series of 15 flower-pots containing uniform, insect-free soil, was 
set up ; each was covered by means of a lamp-glass (basal diameter 3| inches) and, 
after 50 seeds of wild white clover (Trifolium repens, L.) had been sown in each, 
the top of the lamp-glass was closed by a cap consisting of a circular iron ring (5 in. 
diameter) eovered with fine muslin. These pots were placed in the insectary, where 
conditions were comparable to those out of doors except that watering was necessary. 
The clover seeds germinated in 5 days and were allowed a further 5 days to develop 
before being infested with the Collembola. At this period the 10 most uniform 
pots of clover were selected for experimental work. The average number of Smin- 
thurus viridis for that particular surface area in the field was ascertained by taking 
40 counts within the lamp glass on the clover lea on Little Knott field ; 6 proved to 

* Specimens mounted in Keiiin’s medium eveal a wavy membranous sheath (sA) adjacent 
to the outer edge of the upper claws. 
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be the average number of Individuals per unit area. On 16th Mareh 1926 a quantity 
of Sminthurus viridis was swept from the field and 6 adult specimens were placed in 
each of the 5 clover pots in the insectary ; the 5 remaining being kept as controls. 
On the following day the clover in the infested pots showed obvious evidence of 
damage, and individuals of Sminihurus viridis were observed feeding indiscriminately 
on the upper and lower surfaces of the leaves. Later observations showed that 
frequently the outer epidermis, upper or lower as the case may have been, was left 
untouched, giving a skeletonising effect as seen in Plate xiv, fig. 2. There was ample 
evidence that feeding took place during both day and night, and under very warm 
dry conditions feeding and movement were confined to the base of the herbage. The 
effect of attack by these few individuals was soon evident and is clearly seen in 
the photographs (PI. xiv, fig. 1) taken on 5th May. One control and 2 infected 
pots are shown and illustrate the extent of damage caused to clover by 6 individuals 
of Sminthurus viridis for a period of 10 weeks. It should be added that the pots 
were observed daily and the six individuals counted ; in the event of death of an 
individual another specimen was added. The marked effect was very evident at the 
end of 15 weeks, when the clover, under the favourable conditions of the control pots, 
outgrew the height of the lamp-glasses. 

This conclusive evidence, together with personal observations in the field, convince 
one of the damage this species may do, especially on young clover leas. The fact 
that Sminthurus viridis has been observed by the writer to feed also on turnips, 
mangels, barley, oats, wheat and grasses, makes it possible for this insect to exist on 
other crops in the rotation and thus tide over arable conditions and be present when 
the field is laid down to clover or grass. 

Realising the fact that Sminthurus viridis had several host-plants, experiments 
were set up with a view to discovering, if possible, whether this species was selective 
in its feeding habits. Ten large earthenware dishes, 8 inches in diameter, were 
filled with insect-free soil, and 20 seeds of each of the following grasses or clovers of 
a common seed mixture were sown in separate rows : Wild white clover ( Trifolium 
r opens, L.), late- flowering red clover ( Trifolium pratense, L.), perennial rye grass 
( Lolium pcrenne , L.), Italian rye grass (Lolium italicum , A.Br.), cocksfoot (Dactylis 
glomerata, L.), timothy (Phleum pratense, L.). The dishes were then covered with 
large glass cylinders, 7 inches in diameter, closed in above by muslin caps. When the 
seedlings had become fully established 20 specimens of Sminthurus viridis were 
introduced into each cage. Feeding took place more or less indiscriminately, except 
that the wild white clover showed evidence of greater attack in the earlier stages. 
The insects were allowed to feed for 14 days, after which the grasses and clover 
plants were examined individually. Counts of damaged plants at this stage gave 
no significant difference, as specimens of all the species were found to be attacked. 
These negative results were surprising in view of the fact that ample evidence was 
obtained in the field by sweeping that there was a greater preponderance of Sminthurus 
viridis on patches of clover over those areas where little clover existed. It may be, 
however, that the conditions of confinement in these cages prevented any selective 
habit being established. Specimens of Sminthurus viridis have been swept from 
grassland at Rothamsted in every month of the year, and thus the damage caused 
by this pest over such a period must be considerable. 


Control Moasuros. 

It is regretted that up to the present no opportunity for investigating a practical 
method of control has occurred, bHt from general observations it is thought desirable 
to suggest the following methods. Sweeping of infected areas with tarred sacks, 
as used against another species Bourletiella hortensis on mangels, 6 would no doubt 
reduce the numbers considerably, but the presence of the " nurse crop prevents 
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this from being done at the critical stage in the life of the young Seedling clover or 
grass. The extremely delicate structure of Sminthurus viridis, and the presence of 
destroyed specimens on stones and elsewhere following a heavy rolling, suggest 
that this operation, together with chain-harrowing would assist in reducing the 
numbers of springtails. By arranging tarred sacks in front of the roller, the efficiency 
of this method would be increased. In this connection it may be of advantage to 
note that Spafford 6 recommends close grazing by sheep and chain-harrowing as a 
means of reducing the numbers of the lucerne flea in New South Wales. In ex- 
ceptional cases, such as greenhouse attack, or heavy local infestation, dusting with 
5 per cent, nicotine sulphate has afforded a control. 7 No insect parasites have, as 
yet, been bred from Collembola, so that it remains for predatory enemies to keep these 
insects in check. The chief of these, so far as the writer is aware, is a small black 
spider (unidentified as yet). The scarcity of Sminthurus viridis on Little Knott 
field at Rothamsted, when these spiders were present, was very evident; its sudden 
method of approach is extremely efficient in capturing its prey. The remark by 
several farmers that black spiders were eating their clover is no doubt associated 
with this fact. 

Bionomics. 

Apart from the fact that Collembola undergo no metamorphosis, little is known 
regarding the In e-history of this primitive group of insects. During the present 
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Fig! 2. A typical batch of eggs of Sminthurus viridis laid on damp decayed leaves, x 15* 

investigation many interesting observations have been made on the habits of 
Sminthurus viridis ; these are included here as a preliminary account, as it is hoped 
to carry out a more detailed study of this subject later. 

As previously stated, specimens of Sminthurus viridis have been collected in the 
field during -each month of the year. Specimens caught in the field were periodically 
brought into the insectary, where they were placed on clover leaves in small glass 
dishes, lined with filter-paper which was kept continually damp. Under these 
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conditions eggs were easily secured. Oviposition was observed each month from March 
1926 to November 1926, observations having been unavoidably suspended for the 
remaining months. Ihe eggs (fig. 2) are pale yellow in colour, with smooth delicate 
chorion, and 0*25 mm. in diameter at the time of oviposition. During oviposition 
the female stands with legs spread well apart and lowers its head until it touches 
the filter-paper, its antennae being held in a dorso-posterior position. A yellow 
substance slowly issues from its anal end, which is raised ; the mass being originally 
without definite shape gradually assumes a spherical appearance. With the yellow 
globule protruding the female raises its head and lowers its anal end until the spherical 
mass touches the filter paper. The mass, or egg as it proves to be, adheres to the 
surface, and the female after vigorous movement eventually releases itself. During 
this process the egg, and subsequently a batch of eggs, become covered with excreta 
issuing from the anus, which in some cases completely hide the eggs. This, no 
doubt, accounts for the fact that it is extremely difficult to discover eggs in the 
field. After oviposition the female turns round and touches the egg with its antennae 
and feet. The eggs are laid in batches varying in numbers from 2 or 3 to 30 
or 40, according as to whether the female is disturbed or not during oviposition. 
Eggs are usually laid on damp decaying leaves and other moist surfaces at the base 
of herbage ; occasionally they were found singly on the underside of the lower clover 
leaves. 

The dishes in the laboratory were retained at an average temperature of 15° C., 
and damp conditions were maintained continuously. The average diameter of the egg 
at oviposition is 0*25 mm. The diameter gradually increases, and when at 0*27 mm., 
20-25 days after oviposition, the eyes and antennae are visible through the delicate 
chorion. Shortly after this stage an equatorial split occurs, which widens as the two 
halves of the chorion are gradually forced apart. Under the conditions mentioned, 
hatching took place between 35 and 40 days after oviposition. Emergence is effected 
by the anterior half of the chorion being pushed off by the head of the individual, 
and frequently vigorous movement is necessary before the insect frees itself from 
the egg. The spring, or furcula, is at first fully extended, but immediately the 
individual is free, it retracts its furcula under its abdomen, after which it is capable 
of movement by leaping. Its size on emergence is 0*4 mm. Specimens have been 
observed feeding a day after emergence. Gradual growth takes place until the 
individual becomes mature in about 8-10 weeks, according to atmospheric conditions. 
No mating was observed, nor has any ever been recorded among Collembola. It 
is hoped that further observations may yield information on this matter. 

Whereas in all elongate species (Arthropleona) of Collembola cast skins are 
exceptionally common among the haunts of these species, none were observed in the 
case of Sminthurus viridis. Despite lengthy observations with a view to witnessing 
this phenomenon, no indication of moulting was seen. 

The writer is grateful to Dr. A. D. Imms for the valuable advice and facilities 
rendered during this investigation. 
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1. INTRODUCTION. 

The present work was commenced in order to ascertain the effect of humidity on 
certain species of Collembola and, because it was felt that before any critical work 
of the study of chemotropism could be undertaken with Collembola, a knowledge 
of the behaviour of particular species in respect to humidity was essential. 

Conflicting statements have been made regarding the optimum condition of 
humidity associated with the presence of Collembola. Curtis (i860) stated that 
“these ground-fleas will not remain on damp ground, they may be expelled by 
sprinkling salt over the land.” The work of Davenport (1903), on the other hand, 
suggests that for particular species, viz. Anurida maritima Guerin, Xenylla humicola 
Tull, and Isotoma bcsselsii Pack., the contrary is the case. These species he remarks, 
are “exceedingly sensitive to variation of atmospheric moisture” with which they 
are in almost continued contact. 

It was found that certain limitations were inevitable if the work was to be of 
a comparative nature. Firstly, it would be necessary to confine the experiments to 
species which could be easily identified and could be secured in sufficient numbers 
to yield significant results. The species used were: Sminthurus viridis Lubb., 
Dicyrtomina minuta Fab., Entomobrya multifasciata Linn., Isotoma viridis Bourl. 
and Tomocerus vulgaris Tullb. Secondly, it was essential for comparative results 
to secure the species locally and to be able to transfer them quickly from their 
natural habitat into the experimental chamber. To eliminate any effect due to 
change in humidity during transit to the laboratory and to ensure that all individuals 
possessed an equal degree of humidity before the experiment, all the specimens 
were transferred to the surface of water before being introduced into the experi- 
mental containers. 


2. TECHNIQUE. 

In carrying out the studies on relative humidity the temperature was kept 
constant by using the constant temperature room at Rothamsted, where heating 
is maintained by means of a gas radiator regulated by a thermostat. Since the 
experiments had to continue throughout the year the minimum constant tempera- 

1 Now Adviser in Agricultural Zoology, University College of N. Wales. 
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ture which could be used was, of course, influenced by the maximum outdoor 
temperature in summer and it was decided that 25 0 C. would be the most favourable. 
The variation in humidity was obtained by varying the strength of sulphuric acid 
in a series of 2000 c.c. flasks, thus giving the relative humidity as indicated by 
Regnalt’s table. Pure sulphuric acid was used and the absence of any injurious 
effect of the acid was proved by a control experiment being made with calcium 
chloride as a dehydrating agent, when comparative results were obtained. The 
presence of any irritating substance is, however, quickly detected by Collembola 
which jump violently when in contact with it; in these experiments the Collembola 
moved about quite normally. Furthermore, specimens which had been in the dry 
atmosphere until moribund, when removed and placed on water, gradually lost 
their shrivelled appearance and became quite normal and active. Six 2000 c.c. 
flasks were set up with the following relative humidities: o, 10, 20, 50, 90 and 
100 per cent. Suspended by means of a tape, from the rubber bung of each flask, 
was a short glass tube of 1 J in. diameter, closed below by a piece of cheese cloth 
and, above, by a cork. The humidity in each flask was allowed to attain equilibrium 
over night. As previously mentioned the specimens of Collembola were collected 
in the field, transferred on to water in a dish in the constant temperature room, 
and then 10 individuals were placed in the small glass tube which had been quickly 
removed with the bung and quickly replaced, with its contents, into the flask. 
Preliminary experiments yielded data giving the period of time necessary for 
periodic observation and, as will be seen, this varied for different humidities and 
different species from 1 minute to half-hour intervals. From these observations 
the death-rate of individual species in different humidities was ascertained. Usually 
the number of deaths could be observed through the flask but occasionally it was 
necessary quickly to remove the container, count the number of dead specimens 
present and replace. Five experiments each with 10 individuals were carried out 
for each humidity test. 


3. THE EXPERIMENTS. 

Isotoma viridis Bourl. 

This is one of the most widespread species of Collembola and is usually found 
in damp situations, being abundant on most soils. It is one of the Arthropleona 
forms, its body length measuring 2-3 mm. Its respiratory system is cutaneous 
and it possesses a small ventral tube. The behaviour of Isotoma viridis in varying 
humidities is seen in Table I. 

It is seen that Isotoma viridis is extremely susceptible to changes in atmospheric 
moisture, for it is unable to survive longer than 20 minutes in the driest conditions. 
This insect, like the other species of Collembola, does not appear to react differ- 
entially to the lower degrees of humidity, for the death-rate in the 20 per cent, 
flask is practically the same as in those of 0 and 10 per cent. There is a slightly 
slower death-rate in the 50 and 90 per cent, relative humidities, while there is a 
striking contrast in the 100 per cent, flask. An interesting point arises, where it 
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is possible to maintain a saturated atmosphere without the deposition of water. 
Under these conditions the cheese cloth, forming the floor of the container, does 
not bear excess water on its surface and it was found that when Isotoma viridis 
was introduced into a flask with such atmospheric conditions, the death-rate 
closely approximated to that of the 90 per cent, relative humidity. On the other 
hand, when deposition of water does take place the death-rate is as shown under the 
column for, the 100 per cent, relative humidity. Generally speaking it would then 
appear that Collembola (for this result occurred with the other species except 
Entomobrya multifasciata used in these experiments) need to be in actual contact 
with the surface film before they can absorb moisture. If it had been physically 
possible constantly to obtain conditions of a saturated moist atmosphere with a 
dry surface on the cloth, a valuable comparison could have been made but, of 
course, a slight fluctuation in temperature immediately resulted in a deposition 
of moisture on the glass and cloth. The 90 per cent, relative humidity flask then will 
have to be considered as the dry cloth in an almost saturated atmosphere, and the 
100 per cent, flask as the wet cloth in the completely saturated atmosphere. It will 
be noticed throughout, except perhaps where a starvation factor comes in, that there 
is a marked difference between results in the 90 and the 100 per cent, relative 
humidities. The above mentioned facts possibly offer the explanation for this. 


'Fable I. 
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Tomocerus vulgaris Tullb. 

This is another member of the Arthropleona which is widespread in range 
and usually found under damp bark and decaying vegetable matter . It measures 
3-4 mm. and its body is densely covered with scales; its respiration is cutaneous 
and the ventral tube is slightly longer than that of /. viridis. The behaviour of this 
species in different degrees of humidity is shown in Table II. 

In the lower humidities it is observed that T. vulgaris behaves in a similar 
manner to /. viridis but there is a marked difference between the death-rate of 
T. vulgaris in the 20 and the 50 per cent, relative humidity. It would appear that 
Tomocerus can make use of a medium degree of humidity. When we consider the 
higher degrees, 90 and 100 per Cent., this reaction is even more evident for there 
is very little difference between the death-rates under either condition especially 
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as the starvation factor would come into operation after 24 hours. Thus it is seen 
that by some means or other T. vulgaris can make use of atmospheric moisture 
before it actually attains saturation point. The presence of scales in this species 
as compared with I. viridis may afford the explanation. 

Table II. 

Percentage death-rate of Tomocerus vulgaris in varying degrees of relative humidity 

Percentage 

relative Time in min. Time in hours 

humidity 
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Entomobrya multifasciata Tullb. 

Species of this genus are usually associated with drier surroundings than is 
the case with the majority of species of Collembola. Entomobrya albocincta , for 
instance, is usually found among very dry decaying material such as bark. It is 
regretted that this species was not available locally in sufficient quantities to use 
in these experiments. The entire body of Entomobrya is thickly covered with hairs 
and members of this genus possess a well-developed ventral tube. The results of 
experiments with the above species are shown in Table III. 
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It is observed that Entomobrya multifasciata is not susceptible to dry conditions 
as other members of the Arthropleona, for even in the 20 per cent, relative humidity 
it can exist for 6 hours while in the 50 per cent, it can live as long as 15 hours. 
There is, however, the same considerable difference between the death-rate in the 
lower and that in the higher humidities. The starvation factor no doubt brings the 
results of the higher humidities into close approximation. Entomobrya multifasciata 
does not require a deposition of moisture before it can avail itself of water. 

The two remaining species used in these experiments are members of the group 
Symphypleona which includes all the subglobular forms. 
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Dicyrtomina minuta Fab. 

This species is common in Great Britain where it occurs on the grass, beneath 
trees, and among the damp decaying leaves; it is very common in the autumn. 
Its subglobular surface is smooth and shiny and a definite respiratory system is 
absent; respiration being cutaneous. The ventral tube in this species is well 
developed and its walls are smooth. The death-rate of this species in varying 
humidities is shown in Table IV. 


Table IV. 



Dicyrtomina minuta is quite unable to withstand the dry conditions despite the 
possession of a well-developed ventral tube. In the moist atmosphere it is able to 
exist normally until, of course, the starvation factor comes into play after about 
24 hours. There is, however, a very marked difference between its death-rate under 
almost saturated conditions with the dry cloth (i.e. the 90 per cent, flask) and that 
under the saturated conditions with wet cloth in the 100 per cent, relative humidity. 

Sminthurus rind is Lubb. 

This species — a member of the group Symphypleona — is widespread in dis- 
tribution and is very common on clover and grassland, being also a pest of lucerne 
in Australia. It differs from all previously mentioned species in that it possesses 
a well-developed tracheal system and a highly developed ventral tube provided 
with long protrusible vesicles. It is similar in shape and size to Dicyrtomina 
minuta , 2-3 mm. 

Table V. 
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Examination of the above table shows that this species is well adapted to 
withstand dry conditions, for it can live as long as 15 hours in the lower degrees 
of relative humidity. Further, with a medium amount of moisture, that is, in the 
50 per cent, flask, this species can exist for as long as 35 hours, when doubtless 
starvation accounts to a certain degree for the death-rate. In the 90 per cent, 
relative humidity, which has been considered as an almost saturated atmosphere, 
but in contact with a dry cloth, we find that Sminthurus viridis can live for as long 
as 65 hours. In the saturated atmosphere and in contact with a damp cloth, that 
is the 100 per cent, flask, this species lives for 192 hours when, obviously, death 
is due to starvation. Sminthurus viridis , then, is far better adapted for withstanding 
dry conditions, and although it remains to investigate the behaviour of many other 
species, before a definite correlation can be established, it does appear strongly to 
suggest that the presence of a tracheal system and well-developed ventral tube 
considerably aid in reducing susceptibility to the influence of dry conditions. 

In this connection it is interesting to note that the majority of aquatic forms 
are cutaneous in their mode of respiration, and further, that the ventral tube in 
aquatic forms is considerably reduced, being a mere prominence in Podura aquatica . 

A comparison of the death-rate of the different species in the varying humidities 
may perhaps be best gleaned by compiling the results as seen in "Fable VI and 
Table VII. 


Table VI. 



The two Arthropleona forms 7 . viridis and T . vulgaris succumb at approximately 
the same rate in the dry atmosphere ("Fable VI). In both, the mode of respiration 
is cutaneous and the presence of scales in T. vulgaris does not appear to assist the 
species in enduring dry conditions. In K. multifasciata it is surprising to find that 
this member of Arthropleona, with a cutaneous respiratory system, provides such 
a marked contrast to the other members of its group. It is true that all members 
of the Entomobrya are associated with dry conditions, and, although the ventral tube 
is decidedly longer in members of this genus, it is felt that some physiological 
explanation may provide the solution. D. minuta, though possessing a well-developed 
ventral tube, has no tracheal system, and we find that its susceptibility to dry 
conditions is comparatively similar to that of the Arthropleona forms, 7 . viridis 
and T. vulgaris . S. viridis , possessing both well-developed ventral tube and tracheal 
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system, affords a striking contrast in comparison, for even in this arid condition 
it can live for 10 hours. 

Fhc other interesting comparison is that of the different species in 100 per cent, 
relative humidity and the compiled results are shown in Table VII. 


Table VII. 
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Here the time of duration has been removed from minutes to hours and 
/. vindts exists as long as 8 hours, under the saturated conditions of this experiment. 
There is a definite gradation to the case of T. vulgaris where it remains as long as 
40 hours. It is suggestive that the presence of scales may facilitate this species in 
making use of the moist atmosphere. 

E. multifasciata again affords a contrast in that no insects die until after the 
50-hour period and some remain alive as long as 150 hours. /). minuta with its 
lack of tracheal system appears to find conditions quite favourable in a saturated 
atmosphere, for death does not occur until after the starvation factor begins to 
operate. 

Similarly S. viridis is only influenced by starvation in the 100 per cent, relative 
humidity, for it can exist as long as 190 hours when obviously the insects died 
from starvation. 

An interesting case of the association of moisture and the function of the 
ventral tube, was brought to light by means of the following experiment. Specimens 
of S. viridis were taken after several hours’ exposure to the o per cent, relative 
humidity and these were finely sprayed with water. Observations were then made 
under the binocular microscope. It was seen that the specimens shot out the 
vesicles of their ventral tubes over the dorsal region. This caused the droplets of 
water on the hairs to be removed. The movement was so rapid that it was impossible 
to see what became of the droplets. However, the experiment was elaborated by 
first spraying with water, then dusting with fine glucose, and the observations 
continued. The vesicles of the ventral tube were again shot out, and this time the 
granules of glucose adhered to them, then the vesicles were withdrawn and the 
process this time was hindered by the presence of the granules, for it was clearly 
seen that the vesicles were drawn across the mouth and the granules thus removed. 
Thus the ventral tube serves as a cleaning organ, but it appears that, in this instance, 
it primarily served for removing droplets of moisture from the surface of the body 
to the mouth, and thus has a direct relation to the assimilation of moisture. 
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The susceptibility of Collembola to atmospheric moisture has proved to have 
a direct practical application. During an attack on mangolds by Bourletiella 
hortensis in June 1925 a method of control was sought. Trapping on a tarred surface 
afforded an efficient control (Davies, 1926) but it proved essential to the success of the 
control that the method should be applied in the early morning or after rain had 
fallen, for then the Collembola were present in large numbers. When the surface 
became dry the springtails moved down into the soil nearer the damper conditions. 

The writer is greatly indebted to Dr Imms for his valuable advice in this work 
and also to Mr G. O. Lunnon and Mr H. C. F. Newton, for assisting in the 
observations and in recording the death-rate in some of the experiments. 

4. SUMMARY. 

1. Authorities have differed regarding the optimum degree of moisture 
associated with the presence of Collembola. Experiments have, therefore, been 
carried out to ascertain the influence of variation in relative humidity on the 
death-rate of certain species of these insects. 

2. At a uniform temperature of 25 0 C. it was found that saturated conditions 
of the environment are necessary for the survival of all species of Collembola used 
in the experiments. 

3. It has been found that, with the exception of the genus Entomobrya , Collem- 
bola devoid of a tracheal system are very susceptible to dry conditions. Smint kurus 
viridis , which possesses a tracheal system and well-developed ventral tube, is much 
less susceptible to atmospheric dryness. 

4. An experiment carried out with Sminthurus viridis suggests that the ventral 
tube is used for conveying droplets of water from the hairs of the body to the 
mouth. It also serves as a “ cleaning ** organ. 

5. The results of the above experiments have had direct practical application 
in methods of control of Collembola. 
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1. Introduction. 

Biological control has, during recent years, made considerable advance 
in its position in economic entomology. This has resulted chiefly from 
the study and application of biological control of insect pests. Latterly, 
however, a further aspect of this subject has been considered, namely, 
the biological control of noxious weeds; it is with this section that the 
present paper is concerned. 

The works of Perkins and Swezey(i5), Koebele(U), Alexander (l), 
Imms(LJ) and Tillvard(R>) have dealt exhaustively with the present 
position of this subject, so that a brief summary will here suffice. 

It is obvious that the introduction of insects into a country as a 
means of controlling a noxious plant, can only be adopted when the 
« Part of thesis approved for the Degree of Doctor of Philosophy in the University of 
London. 
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nature of the problem is sufficiently grave as to necessitate an attempt 
being made with every possible safeguard, and under most critical 
scientific supervision. 

The pioneer work in the control of noxious weeds was done in the 
Hawaiian Islands, where the colonisation of a number of species of insects 
introduced from Mexico afforded an appreciable control of the injurious 
plant Lantana camara . Investigations regarding the repression of nut- 
grass (Gy penis rotundatus) by the introduction of insect enemies from 
the Philippines, has also been the subject of experiment in the Hawaiian 
Islands. 

The most formidable attempt at the control of noxious weeds by 
means of insects is that of the Prickly Pear campaign in Queensland 
and New South Wales. So serious became the spread of the introduced 
plant, that in 1919 a ‘'Commonwealth Prickly Pear Board” was estab- 
lished to deal with the problem. Insect enemies of the Prickly Pear were 
searched for in the warmer parts of America, and the first consignment 
shipped to Australia in March 1921. The outcome of this, and later, 
importations is that Cochineal insects of the genus Dactylopius have 
already destroyed large areas of this noxious weed. Recent reports from 
the areas where this work of weed control is being carried out are ex- 
tremely encouraging. 

A great stimulus to this new line of work has been provided by the 
scheme that has been financed by the Empire Marketing Board in con- 
junction with the New Zealand Government and the Cawthron Institute, 
Nelson, to ascertain the possibilities of establishing a control of noxious 
weeds in New Zealand by the introduction into that country of appro- 
priate insects. A proportion of the above grant has been allocated by 
the Cawthron Institute to the Rothamsted Experimental Station, and 
it is with the financial assistance thus available that the experiments 
involved in the present paper have been carried out. The work has 
been prosecuted under the direction of Dr A. D. Imms whose valuable 
advice is gratefully acknowledged. The writer is also greatly indebted 
to Dr R. J. Tillyard who instigated the work in New Zealand. 

Ulex europaeus L. (common gorse or furze) is included among the 
plants scheduled by the New Zealand Government (21) as noxious weeds. 
According to Thomson (i«) it must have been introduced at an early 
date, as it is noted that Darwin observed plants of gorse in 1835. Since 
its introduction it has spread very rapidly and now covers large areas 
of ground, threatening to render derelict some of the most valuable 
pasture land of that country. A similar occurrence is in the Hawaiian 
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Islands, whore it is stated that 17 years ago the first and single plant of 
Ulex europaeus was observed. Subsequently this plant has spread at 
an extraordinary rate, and the possibilities of devastation of valuable 
land has been so keenly felt that it has been proposed that large sums 
of money be spent to attempt to eradicate this weed. The methods used 
are chiefly mechanical, gangs of men being employed to dig out and 
burn the young seedlings. That the plant spreads by means of its seed 
has been fully proved, owing to the fact that young seedlings are found 
many miles away from the original plant. 

In the young stage Ulex europaeus is used for sheep grazing and, 
further, being a leguminous plant it is highly beneficial in unmanured 
areas. The problem then is one of control rather than eradication. An 
insect which is effective in destroying the seeds will considerably assist 
in solving the problem. As will be seen later, a survey of the damage 
caused by Apion ulicis to gorse seeds in Great Britain has been made, 
and it is evident that this insect should receive full consideration. 

2. Synonymy of Apion ulicis Forst. 

Apion ulicis Forst. is the name under which it is most commonly 
known; it was originally described by Forster (0). It was described by 
Fabricius(5) as A. nigrirostre and again in 1808 by Kirkby as A. ilicis . 
Gyllenhal(io) named it A. carpini, while in 1882 Gredler described it 
under the name of A. sarothamni. Schilsky (i 7) considered it a variety, 
nigripes. 

3. Description of Adult (Fig. 1). 

The generic characters, viz. pear-shaped body with long, slender 
curved rostrum, together with long trochanters and straight antennae, 
are well marked. The body is convex, with integument rugosely punc- 
tured and pitchy black in colour, but with the exception of the eyes, 
rostrum, antennae, scutellum and joints of the legs, it is densely squam- 
ose, the thick white scales giving it a characteristic grey colour. Head , 
short, with the black convex eyes moderately separated; the black 
rostrum, shorter in the male than in the female, is narrow and slightly 
curved. The antennae , sparsely covered with fine white hairs, are straight, 
slender, clubbed, and arise from the base of the rostrum, the point of 
insertion being marked by a strong black chitinous projection: The 
thorax , practically equal in length and breadth, is slightly narrower in 
front, rounded behind the middle and contracted at the base ; the scales 
are more or less irregularly scattered but are wanting from a longitudinal 
area in front of the scutellum. The scutellum is smooth and black. The 
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elytra are convex, and have the scales arranged in the form of longi- 
tudinal striae, the second of which is united at the apex to the eighth. 
The legs are black, anterior pair are sometimes reddish, and except for 
the joints, they are covered with scales; they are comparatively long 
with well-developed coxae; femora slightly dilated at the apex; tibiae 
more or less straight with long tarsi terminating in a bifid claw. The 
abdomen is covered with scales ventrally, these being absent at the 
junction of the segments. Size 2-2*75 mm. 

Sexual Differentiation. 

Generally speaking, the male is slightly smaller than the female, but 
the sexes are easily distinguished by the length of the rostrum, the 
proportions of that of the male to that of the female being 7 : 12. The 
antennae are proportionately shorter in the male. No apparent difference 
in the abdominal segments occurs. 

Description of Mouth Parts of the Adult. 

Dorsal view ( Fig. 2 a). The mouth parts of the male are similar to those 
of the female; those of the female are described. The elongate nature 
of the rostrum results in a modification of the normal mouth parts. 
The labrum and clypeus are not present and the epistoma 1 (epi) is merely 
indicated by a faint line which divides off the apex of the rostrum. The 
mandibles (Fig. 2 b) are well developed and tri-dentate in form, the apical 
tooth is the largest, and the lateral one curves slightly dorsally. In 
structure the mandible and its attachments closely resemble that of 
Pissodes strobi , as figured by Hopkins (li). The ventral articulation has 
a median “ball” condyle (c) surrounded by a deep fossa — the ginglymus 
(gin). The abductor ( ab m) and adductor (ad m) muscles are attached 
to the sides of the fossa. The so-named pJmryngeal bracon (ph b) of 
Hopkins is present and has its surface covered with papillae. This 
structure extends into the pharynx, and the fact that the papillae point 
posteriorly suggest that the organ functions along with the ligula and 
lacinia in facilitating the passage of the food within the elongate rostrum. 

Ventral view (Fig. 3). The ventral side of the rostrum is entirely 
complete, there being no hypostomal punctures of any kind on this 
surface. The maxillae (mx) are well developed except that the cardo ( cd ), 
subgalea (sg) and stipes (st) are ill-defined, being represented by one 
broad lobe without sutures. The palpifer (/) is large and bears a stout 
2-jointed maxillary palpus ( mx p ), the apex of which is fringed with 
1 The terminology here used is that of Hopkins ui>. 
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tubercles and the base of the terminal segment possesses strong spines. 
The lacinia ( Ic ) is also well developed and covered with papillae. The 
labrum consists of an elongate submentum (sm) with its apex more or less 
rounded supporting the mentum (mt) which is as long as the submentum. 
The mentum has two strong elongate spines slightly posterior to its 
middle line and anteriorly bears two unsegmented labial palpi (Ip), 
which also possess strong hairs. There is a well-developed undivided 
ligula (Ig) the surface of which is covered with dense papillae. 

Reproductive Organs . 

No detailed study of development has been undertaken, but repro- 
ductive organs of both sexes have been examined periodically from the 
time of emergence from the pod in the Autumn to the period of mating 
in the Spring. When the weevils emerge from the pod the reproductive 
organs are exceedingly immature, the ovaries being merely fine tubules. 
It is interesting to note further, that if for some reason or other, the 
pod does not open until Spring — one instance in May 1927 was noticed — 
the reproductive organs of these imprisoned weevils still remain im- 
mature and do not begin development until after the weevil has escaped 
and commenced feeding. This probably accounts for the fact that ovi- 
position is spread over a comparatively long period. Normally the 
reproductive organs are mature about February or March. 

Male Reproductive Organs. 

The male reproductive organs are shown in Fig. 4. 

The testes (£) are bifollicular, each follicle being globular and of equal 
size, white in colour and, when mature, measures 0*23 mm. in diameter. 
The paired vasa deferentia (vd) are comparatively short and immediately 
after leaving the testes become slightly swollen, this region probably 
being that of the vesicula seminalis (v s). Well developed accessory glands 
(ag) measuring 0*8 mm. in length are present; these also arise early 
along the course of the vasa deferentia and are swollen at their apices. 
The ejaculatory duct (e d) follows from the junction of the paired vasa 
deferentia and leads into the transfer apparatus (tr) where it is surrounded 
by the strongly chitinous walls of the latter. The main section of the 
chitinous apparatus gives rise anteriorly to two chitinous rods 0-6 mm. 
long, arranged in a U -shape. The larger portion mentioned is 0*8 mm. 
long and 0*08 mm. broad at the point where the arms join it; it is slightly 
curved and terminates in a fine point surrounding the aedaegus (a). 
There is also an additional, more or less straight, chitinous rod (r) 

Ann. Biol, xv 
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measuring 0*4 mm. in length, which serves as a further support of the 
transfer apparatus. Strong longitudinal muscles (m) are attached to the 
proximal end of this rod and also to the proximal and distal end of the 
entire transfer apparatus. These muscles serve in extending the appa- 
ratus during copulation. There is no indication of claspers. 

Female Reproductive Organs . 

The female reproductive organs arc shown in Fig. 5 and measure 
from the vaginal opening to the terminal filament from 2-0-2-5 mm. 

The terminal filaments (t) are exceedingly slender and very easily 
separated. There are four ovarioles (o) measuring 1-1*5 mm. in length 
and 0*1-0*12 mm. in maximum breadth. The presence of eggs in the 
vitellarium (vit) is easily detected in mature specimens. The ovarioles 
unite to form the oviducts (od) which are short, measuring 0*05-0*8 mm. 
These lead into the common duct or uterus which measures 0*5-0* 7 mm. 
in length and at its anterior end is 0*12 mm. in breadth. The uterus 
terminates in the vagina (vg) which is slightly wider and is protected 
posteriorly by chitinous sclcrites. The vagina gives rise dorsally to a 
pouch-like bursa copulatrix (b c) of 0-42 mm. length and 0*1 5 mm. breadth ; 
it is slightly curved at its distal end. The spermaiheca (sp) is strongly 
chitinised and curved in form; it unites with the uterus by means of a 
fine spermatic duct (sp d). There is a small spherical accessory gland ad- 
jacent to the spcrmatheca. The long chitinous rod (r) of the ovipositor 
measures 0*8 mm. in length, it is swollen at its apex, and strong longi- 
tudinal muscles (m) are here attached. Two shorter chitinous spicules 
are present at its base. There is no indication of an egg calyx commonly 
found in Rhyncophora. 

4. The Egg (see Fig. 13). 

The egg is smooth with delicate yellow chorion. At the time of 
oviposition it is elongate in shape measuring 0*4 x 0*2 mm., later it 
assumes a glossy white appearance and becomes more round in shape 
measuring 0*35 x 0*25 mm. 

5. The Lakva (Fig. 6). 

* The larva is typical of the Curculionidae being eruciform and apodous. 
It is a yellowish white, fleshy grub, and on emergence from the egg 
measures 0*5-06 mm. long by 0*25 mm. in width. At maturity the larva 
is very plump and practically incapable of movement; its measurements 
are as follows: length of body, including head capsule 2*5 mm., breadth 
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in abdominal region 1*3 mm., head capsule 015 mm. long and 0*16 mm. 
broad just behind the middle line. The entire body is strongly crescentic 
and sparsely covered with fine hairs. 

Head . 

Dorsal view (Fig. 7). The head is well developed, testaceous in colour 
in the early stages but becoming darker as it reaches its final instar. 
It has a few scattered hairs on its surface, the normal arrangement of 
which is shown in the figure. 

The entire head, excluding the mandibles is as broad as long; the 
epicranial plates (ep l) are large and are rounded laterally. The epicranial 
suture ( es ) is very well marked, there being a gap between the epicranial 
plates at the base of the head ; the lateral arms (l es) of this suture 
distinctly separate the plates from the irons. The frons ( fr ) is triangular 
in form and anteriorly there is a slight indication of an epistoma (ep) A . 
There is no indication of eyes or ocular pigment. The antennae (a) are 
present as stout papillae with two small tubercles at their bases. The 
mandibles (mn) are strongly chitinous, stout and triangular in outline. 
They are tridentate, the apical and subapical teeth being more acute in 
form than the smaller lower tooth, which is sometimes merely a pro- 
minence. Then; are four well-developed spines on each mandible ar- 
ranged normally as figured. The clypeus (cl) is quite distinct and is 
longer laterally than in the median line; it is devoid of spines. The 
dome-shaped labrum (e) is well covered with spines especially at the apex, 
the arrangement as figured is normal and characteristic. 

Ventral view (Fig. 8). The maxillae (A) are well developed and, with 
the exception of the galea and subgalea, all the sclerites are distinct. 
The cardo (cd) is stout and club-shaped, and unites with the larger 
stipes (s/), the latter having several strong spines as indicated on the 
figure. The palpifer (/) is short, slightly broader than long and bears 
the maxillary palpus (mxp) which is represented as a stout elongate un- 
segmented lobe, fringed with papillae at its apex. The lacinia (Ic), fused 
as it is with the galea (gl) and subgalea (sgl) is in the form of an elongate 
lobe, the interno-lateral face of which is fringed with lacinial teeth. The 
labium (B) is large and slightly broader than long, the broadest line 
being nearer the base. The submentum (sm) comprises most of the 
labium and is rounded laterally; there are a few strong spines on its 
surface as indicated. The mentum (mt) is triangular, the apex of which 
reaches beyond the middle of the head, this sclerite also has scattered 

1 Sqo previous footnote. 
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spines on its surface. Anteriorly there is a faint suture indicating the 
division of the mentum and prementum (pm) : the latter sclerite is very 
narrow and has a ridged free margin. The labial palpi (Ip) are short 
stumpy unsegmented lobes with their apices fringed with papillae. 

Thorax . 

The three sclerites of the thorax are clearly defined, the prothorax 
being slightly reduced. The prescutum, (psc), the scutum (sc) and the 
scutellum (scl) are only feebly indicated. The pleurites (pl) as a whole 
are well defined in the thorax of mature larvae but the individual con- 
stituents are not indicated. 

There is a biforous spiracle at the junction between the prothorax 
and mesothorax; this will be described later. 

Abdomen. 

The abdomen possesses 10 distinct segments, the sutures becoming 
less distinct anally: in each of the segments of the notum the elements 
are indistinct. The 10th segment is considerably reduced and serves 
occasionally as an organ of locomotion. The pleural groove (pig) is well 
marked and there are indications of the hypopleural fold (hip) and the 
sternellar fold (st). Hairs are scattered over both abdomen and thorax. 

Spiracles (Fig. 9). 

There are eight pairs of spiracles. The first pair situated between 
the prothorax and mesothorax are biforous in form (Fig. 9 a). Each 
consists of the annular sclerite or peritreme (pr) which surrounds it, the 
spiracular opening (o) which leads into the atrium (a): posteriorly this 
leads into a double chamber, the compartments being separated from 
each other by a slight longitudinal partition; transversely there exists 
a series of chitinous trabeculae (tr). A closing apparatus is present but 
this is best described in the abdominal spiracles. There is no spiracle 
present on the meso- or metathorax, neither is there any indication of 
this structure in the last three abdominal segments. Each of the other 
abdominal segments bears laterally and somewhat anteriorly a pair of 
spiracles of normal structure ( i.e . not biforous). Each (Fig. 9 b) consists 
oh a spiracular opening (o) which leads into the atrium (a) and this 
extends posteriorly into an oval chamber across which are arranged 
6 or 7 transverse trabeculae (tr). At the inner end of the atrium is the 
closing apparatus consisting of a chitinous bow (ch) the base of which 
unites to form a chitinous band around the trachea. The longer chitinous 
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arm extends posteriorly, while the short one lies in an antero-lateral 
position. Occlusor muscles are attached to these rods and function in 
opening and closing the spiracular opening. 

G. The Pupa (Fig. 10). 

The pupa is soft, of creamy white colour, and is capable of active 
movement when touched or exposed to changes in temperature. It 
varies in length from 2-0-2-5 mm., and usually lies on its side within 
the pod. The head is bent ventrally and the elongate rostrum extends 
to the abdomen. As in the adult the size of the rostrum indicates 
the sex of the pupae. A few scattered bristles are visible in the anterior 
region, but the arrangement of these does not appear to be characteristic. 
The pupal integument is densely covered with minute papillae. The 
antennae (a) extend from the base of the rostrum in a latero-anterior 
direction. The legs are folded ventrally, the prothoracic (1) and meso- 
thoracic (2) legs in a more or less anterior position, while the tarsi of 
the metathoracic (3) legs extend posteriorly to the 7th abdominal 
segment. The tips of the elytra extend to the Gth abdominal segment, 
the hind wings being completely concealed by the elytra. The abdomen 
has 10 distinct segments, the 10th segment being extremely rudimentary, 
appearing as a mere tubercle. The 9th abdominal segment terminates 
in two prominent caudal spines. 

7. Life-History. 

Hibernation. 

Apion ulicis hibernates as the adult and in this stage has been beaten 
from gorse bushes through the winter. It does not hibernate normally 
within the pod as stated by Bargagli(2). Examination of debris and soil 
beneath the bushes for hibernating weevils yielded negative results but 
close observation of the branches revealed adult specimens — their greyish 
colour resembling small buds — at the points where buds and spines leave 
the branches. During a spell of sunshine these adults become more active 
and are easily observed. Dissection of the reproductive organs of about 
500 females periodically during the winter months showed the absence 
of sperms in the spermatheca and also revealed the immature condition 
of the ovaries, thus confirming field observations that mating had not 
taken place. Further, it was not until the end of February when the 
weevils became more active and were observed nibbling the branches 
and young shoots, that any appreciable quantity of food was observed 
in the alimentary canal. 
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Mating . On March 2nd sperms were first found in the spermatheca 
of a single female but, despite daily observation, mating was not ob- 
served in the field until March 26th. Later, in April and May it was 
commonly observed. Pairing was not witnessed after the end of May. 
Prior to mating, the male with rostrum held in a ventro-posterior 
position follows the female, eventually seizing it by placing the claw of 
one of its anterior legs on the anterior ridge of the prothorax. Con- 
tinuing this action for some time the male eventually mounts and 
copulation takes place. Within a glass tube or cage the male and female 
pair at intervals, but under natural conditions, from the comparative 
ease with which the female can remove the male by pushing under the 
spines of the gorse plant, it would appear that a single pairing normally 
occurs. A virgin female, after a single copulation had taken place, was 
found to have its spermatheca filled with sperms. In many cases it was 
observed that the male, during copulation, scraped the scales from off 
the back of the female with its tarsal claws, thus resulting in a black 
fertile female. This accounted for the quantity of black females found 
in the field and all such females were found to be fertilised. It was, 
however, later noticed that the removal of scales did not occur during 
every copulation. The period from the date of mating to the time of 
oviposition varied from 30-42 days. 

Oviposition. The gorse did not come into flower in Ilarpenden until 
mid- April, and pods of any appreciable size (the anthers and calyx of 
flower being still retained) were not observed until mid-May. Daily 
observations of the gorse for oviposition were continued throughout May 
and the first instance was observed on May 1 Ith. According to Goureau (S) 
oviposition took place in February and March in S. France. As illus- 
trated in Fig. 11 the female first bores a hole in the pod with its rostrum. 
A large series of counts taken indicates that no particular portion of 
the pod is chosen for oviposition while frequently the weevil bores 
through where the calyx still surrounds the pod. It was clearly observed, 
however, that the weevil prefers a young pod and oviposition ceases on 
bushes where the pods have become hard and black. The time taken 
for boring the hole varied between 1 and 5 hours, feeding naturally took 
place during this operation, for on removal of the rostrum the mandibles 
were observed still at work. After the withdrawal of the rostrum, the 
female turns around and orientates itself by means of its anal end until 
the ovipositor is placed within the hole (Fig. 12). Occasionally the ovi- 
positor is placed within a hole recently made by another female, while 
on the other hand, several attempts at orientation were observed to be 
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entire failures. One particular instance of what might be termed “love’s 
labour lost” was witnessed in which the female, after spending from 
2-7 p.m. boring the hole, attempted without success, for half an hour 
to place its ovipositor within the hole in the pod and it finally walked 
off. Instances of this kind usually result in the eggs being deposited 
outside the pod but as will be seen later, eggs thus laid do not develop. 
There is no attempt whatever to close up the hole in the pod which can 
clearly be seen under the binocular microscope. As the pod develops 
these holes become closed and it is very difficult to find a trace of a 
hole in a mature green pod, while in a mature dark pod detection is 
impossible. The eggs are laid in batches within the pod (Fig. 13), the 
normal number per batch being 6-8 eggs. More than one batch of eggs 
frequently occurs within a single pod; these are probably instances of 
two females ovipositing in the same pod and even in the same hole. 
The number of eggs per pod obtained from counts taken from a large 
number of pods varied from 1-23. Oviposition continued at Harpenden 
during May until early August. Experiments arranged to ascertain the 
number of eggs laid by a single female were rendered void owing to the 
fact that all the eggs were not placed within the pods. 

I ncubation . 

The incubation period was 26 days (±4) during which the egg 
changes from an elongate yellow form and assumes a spherical pearly 
white appearance. The form of the embryo within the egg can be seen 
through the delicate chorion about the 20th day. The embryo is curled 
back upon itself, the head and anal region practically touching each other. 
On hatching the chorion splits in the mid-dorsal region of the embryo, 
the latter pushing the chorion over both head and anal end as it emerges, 
and eventually tugging itself away from the remaining delicate chorion. 

Larval Period . 

The young larva, after emergence, wriggles its way to the base of 
the seed, where the soft funicle of the seed affords its first food. The 
larva shows definite negative phototropism and, because of this fact and 
also that frequent disturbance is detrimental to the development of the 
larva, investigations with a view to ascertaining the number and nature 
of the instars gave unsatisfactory results. Further, after the larvae had 
pierced a hole in the seed coat, in several instances it entered the seed 
and was thus lost to observation. It is, however, certain that the first 
moult takes place on the 9th or 10th day after emergence and the final 
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moult occurs just prior to pupation. At the last moult the comparatively 
large head capsule is discarded and remains close to the pupa. The entire 
larval period is 45 days (±5). 

Cocoon formation . 

Despite the fact that the larvae is enclosed within the gorse pod and 
sometimes within the seed coat, during its last instar it proceeds to make 
a cocoon. The cocoon consists of a brown glutinous material forming a 
distinct chamber closely surrounding the pupa. Mature larvae were 
observed making cocoons and it was seen that a light brown material 
exuded anally. Dissection proved that the material practically filled the 
alimentary canal and offered a marked contrast to the green contents 
of the alimentary canal of younger larvae. The substances exuded 
spasmodically indicating definite expulsion by the larva which removed 
the material from the anus by means of its mandibles. In the region of 
the mouth-parts the excreted mass evidently received a salivary secre- 
tion, for the entire surface of the mouth-parts was bathed in a colourless 
fluid which welled up at intervals and was mixed with this anal secretion. 
The mixture was then arranged into a cellular chamber with distinct 
walls and a roof which eventually encloses the larvae. The necessity 
for this cocoon appears to be obscure unless it assists in hindering the 
passage of parasitic Hymenopterous larvae which have been observed 
isolated from enclosed pupae. It may also be necessary to maintain a 
constant humidity. 

Pupal Stage . 

Continuous examination of pods from the Harpenden common 
throughout the summer, yielded the first pupa on July 8th. Pupae 
predominated in the pods during the latter part of July and in August, 
a few were found as late as October 9th. Under laboratory conditions 
the pupal stage was 10 days (±2). The pupae remain white until the 
last few days of the pupal period. Pigment first appears in the eyes 
and rostrum, later it develops in the thorax, the coxae, apices of the 
femora, in the tibia and the tarsi. On opening pods weevils with their 
elytra and abdomen still white have walked out. 

Adults. 

The number of adults per pod varies considerably and the results 
of numerous counts became so interesting that it was decided to examine 
in detail 500 infected pods taken at random on the Harpenden Common. 
The normal number of individuals per pod was 4*6, the number varying 
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from 1-16. The normal arrangement of the adult weevils within the 
pod prior to emergence is seen in Fig. 14. The weevils are usually 
laterally placed, and when numerous the method of packing is extra- 
ordinarily efficient. The partitions of the cocoons can also be seen in 
the photograph. The adult weevils emerge from the pod when the pod 
dehisces on fine sunny days. The crackling of gorse pods in the sunshine 
is a familar sound in all gorse areas. Normally the seeds are hurled into 
the air when the pods burst, so that in the case of infected pods, the 
weevils are similarly thrown out and immediately become active. 
Despite the possession of strong biting mandibles the adults are in- 
capable of emerging from the pod by their own efforts. This fact was 
strongly suggested by the discovery in April and May of quantities of 
unopened pods containing dead adult weevils. The fact has also been 
fully proved by retaining quantities of unopened infected pods in the 
laboratory, and on examination after several months later no adults 
had emerged, but when the pod was opened mechanically the weevils 
immediately became active. Further observations in the field show that 
a certain number of pods do not open naturally for some reason or other, 
they are retained on the plant or fall to the ground. Such pods have 
been collected during the Winter and Spring, and some have yielded 
unattacked seeds; some, dead or moribund weevils and others, weevils 
which became very active as soon as the pod was opened. A sample of 
old unopened pods was examined in May .1927 and these yielded live 
adults obviously from the 1926 generation. The female reproductive 
organs of these weevils when examined were found to be quite immature, 
while normally the females were ovipositing in the field. In view of the 
fact that the gorse pod depends on bright sunny weather in order to 
dehisce, it is probable that as the result of a wet Summer and Autumn, 
large numbers of weevils will suffer the fate of being thus imprisoned. 
Weevils emerging normally in late Summer and Autumn can be found 
quite active on the gorse plant on sunny days, but at the first indication 
of frost they become sluggish and are difficult to see on the plant. On 
very warm days in Spring and Summer they will readily take to the 
wing. It may be of interest to note that they strongly exhibit positive 
phototropism. 


8. Damage. 

The actual damage the adult weevils do appears to be negligible, it 
is a mere browsing and puncturing of the spines and softer portions of 
the plant. 
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From the 500 collected pods previously mentioned the damage caused 
by the larvae to infected pods was ascertained. It was found that 
69*4 per cent, of these pods had their entire contents devoured by the 
larva of Apion ulicis, while 18-6 per cent, had a single whole seed re- 
maining, 10 per cent, had two entire seeds and 2 per cent, had three seeds 
still intact. It is especially interesting to note the economy of food by 
the larvae which occurs under certain conditions. The number of seeds 
in a normal pod varies from 4-7. From the data collected it was seen 
that 3 larvae could devour the entire contents of a normal pod, while 
in several instances as many as 16 larvae had developed and produced 
apparently quite normal adults. A few of these were slightly smaller in 
size but there was no marked difference. 

It is obvious that to ascertain a normal percentage of pod infestation 
counts would have to be taken after oviposition had ceased. This was 
done on three occasions tit Harpenden when 200 pods were collected at 
random and on examination it was found that 88, 77 and 82 per cent, 
of the pods were infected respectively. 

9. Survey of the Damage in Great Britain. 

It is clear that to secure absolute figures for the percentage pod 
infestation of Apion ulicis, for any given area or for Great Britain as a 
whole, would involve far more work than a single person could undertake. 

It was, however, felt desirable to ascertain the percentage pod in- 
fection possible under conditions in Great Britain, and further to secure 
some indication of regional distribution. 


Survey of infestation of Apion ulicis in Great Britain. 


No. 

County District 

% pod 
infection 

Remarks 

1 

Caithness : nr Wick, Ackergill ... 

0 

Extreme N. Scotland. 30 % L 

2 

Ross: Evanton ... 

2 

30 % L 

3 

Fife: St Andrews... 

28 


4 

N orthuinberlancl : Heddon-on-the- Wa 1 l 

0 

32 % L 

5 

Cumberland: Carlisle 

3 


0 

Westmoreland: Scout Scar, Kendal ... 

3 

0 % L 

7 

„ Paddy Lane, Kendal ... 

0 

8 

Y orkshire: Runswiok nr Whitby 

0 

21 % L near seashore 

9 

,, Scarborough 

1 

7 % L 

iq 

„ nr Selby, Riscal Common . . . 

10 


li 

Lancashire : Choriey 

41 

32 % L 

12 

N.W. Derby: Stockport 

0 

Alt. 800 ft. 16 % L 

13 

Anglesey: Cemmaes Bay 

Carnarvon: Penmaenmawr 

50 

— 

14 

74 

Alt. 700 ft. 

15 

Flintshire: Hawarden ... 

02 

— 

10 

Cheshire: Romiley 

0 

Alt. 450. 1 % L pods black 


with soot 
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No. 

County District 

% pod 
infection 

Remarks 

17 

Lincoln: Horncastlo 

82 

2 % L 

18 

Merioneth: Pinas Mawddwy 

70 


19 

Salop: Newport ... 

71 

3 % L 

20 

„ S.E. Shrewsbury, Fetch Hill 

09 

25 % L 

21 

Warwick: Rugby 

2 

i ft <>/ i 

22 

Norfolk: Crimston 

70 


23 

Suffolk: Brandon Common 

70 

. 

24 

Cambridge: l.J miles S. Ely 

82 

3 ° ] . 

25 

,, Cambridge University Farm 15 

Taken from gorse hedge, no 

20 

( Cardigan : A1 leryst wy th ... 

73 

other gorse for several miles 

27 

Worcester: Bayliss Hill, Broadway 

41 

5 % L 

28 

Hertford: Harpenden 

88 

— 

29 

,, „ 

77 

— 

30 

, ,, 

82 



31 

,, Bcrkhampstcad 

77 

— 

32 

Buckingham : Chesliam ... 

21 

48 % L 

33 

„ Amersham 

18 


34 

Berks: I slcty 

59 

10 % L 

35 

Essex: Epping 

85 

b °o L 

30 

Bucks: lbstone ... 

18 

0 ° 0 L 

37 

Oxford: Peppard Common 

81 

_ 

38 

92 

Taken from old bushes, not 

39 

»» »> »» ••• 

41 

known to have been burnt. 

2 ()/ L 

- o 

Adjacent to the foregoing, 

40 

Berks: Heading ... 

19 

bushes jieriodieally burnt 

41 

„ Padworth... 

04 



42 

„ Newbury ... 

2 

12 %L 

43 

Wilts: N.W. Marlborough 

58 

l‘> ° L 

44 

,, S. Marlborough ... 

42 

45 

,, S.W. Marlborough 

22 

13 % L 

40 

Surrey: Wimbledon Common ... 

24 

zl °<> L 

47 

,, Wisley ... 

0 

'*'* */(> L 

48 

,, Esher Common, nr Coulsdon 

9 

08 % L. Some A pion half 

49 

Somerset: Doniford, nr Watchet 

14 

eaten 

11 % L 

50 

„ Crewkeme 

5 

30 % 

51 

Hampshire: Hornsey 

3 

50 % L 

52 

„ New Forest 

00 

29 % L 

53 

„ Lee-on -Solent. 

01 


54 

Dorset: Canford Cliffs ... 

33 

21 % L. Some A pion half 

55 

Devon: Braun ton 

52 

eaten 

19% 1. 

50 

„ Newton Abbot ... 

50 

57 

„ Ivybridge 

1 

3« % L 

58 

„ Portlemouth 

15 

27 % L 

59 

Cornwall: Uunislake 

57 


00 

„ Boscastle 

03 

22 % L 

01 

„ Pol per ro 

00 


02 

„ Kynance Cove 

00 

— 


L — pods also attacked by lepidopterous larvae. 


An organised survey has been made possible through the kind assist- 
ance of a number of persons to whom the writer is greatly indebted. 
Samples of 100 pods each gathered at random over gorse areas from 
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Map. Distribution of ^piojt tdicw i n Great Britain. 
(Figures indicate percentage pod infection.) 
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54 selected districts through Great Britain, have been secured. From 
this number of pods there will be a probable error of ± 10 per cent, 
infestation. These pods have been examined for Apion ulicis by the 
writer and the results are indicated in the table and on the map. It is 
then seen that as high as 92 per cent, pod infestation has occurred, but 
it should be noted that this particular infestation in Oxfordshire was 
on old bushes which as far as could be ascertained were not known to 
have been burnt, at least for very many years. Adjacent to these bushes 
was another area of gorse which had periodically been burnt and here 
the percentage was reduced to 41. The habit of burning gorse in Great 
Britain, then, undoubtedly decreases the efficiency of Apion ulicis in 
destroying gorse seeds, and no doubt accounts for many of the low 
percentages recorded. Further, the presence of Lepidopterous larvae 
reduced the percentage of attack by Apion ulicis , for in many cases 
the caterpillars had devoured the entire contents of the pod, larvae or 
pupae of the weevil included. Several cases of half eaten pupae were 
noticed. It is interesting to note that from the samples received no really 
high infestation of Apion ulicis was recorded from the North of England 
and Scotland. This result needs confirmation. 

The infestation on Harpenden Common has been under observation 
by Dr Imms for some years, and it is stated that in certain years it has 
been practically impossible to secure a sample of sound seeds. A few 
counts were made in July 1920 by II. T. Pagden, and though the numbers 
counted were small in comparison with the present year, the pod infes- 
tations taken from 7 different counts averaged 77 per cent. 


10. Tests on Economic Plants. 

Before an insect can be introduced into a new country it is, of course, 
essential that the particular insect should undergo most critical tests 
on all the plants of economic importance that there is the slightest 
possibility of it attacking. This aspect of the work has therefore received 
primary attention. The method adopted for all work of this kind is to 
subject the insect concerned to a “starvation test” when death of the 
insect on the particular economic plant concerned is the only criterion 
that will justify further consideration of that species. It is felt that the 
selective faculty of the insect cannot be relied upon in this matter, for 
one cannot assume that if an insect is specific in its host plant in the 
field, it will remain so under all conditions. Not only are “starvation 
tests ” carried out in this country, but all insects successfully standing 
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these tests in this country will be submitted to similar tests in their new 
environment abroad. 

The technique used to test Apion ulicis can be grouped into three 
sections. 

I. To test if eggs of Apion ulicis laid outside the pods could develop . 

As previously mentioned it was found that under unfavourable con- 
ditions Apion ulicis laid its eggs outside the pod, on the branches and 
elsewhere. It was very important to ascertain if these could develop. 
Eggs thus laid were collected and arranged on the outside of the pods 
in the field, the eggs being protected with muslin bags. Three series of 
50 eggs each were then tested in turn. On each occasion in two or three 
days the eggs had shrivelled to almost unrecognisable masses. A similar 
series of experiments was carried out with eggs normally laid within the 
pod and carefully removed and placed on the outside of the pod in the 
field. These all suffered a similar fate to the preceding. It was next- 
desirable to test if newly hatched larvae could penetrate the pods from 
the outside. All newly hatched larvae placed on the outside of pods 
perished within a day or so. 

From these results it was obvious that the gorse pod played an 
essential part in the life-history of the weevil, for without it develop- 
ment was impossible. Thus it followed that the only economic plants 
to be considered in the tests were pod-forming species of the Leguminosae. 

II. To test whether Apion ulicis would oviposit in pods of other 
leguminous pla nts . 

The pod-forming plants which have been considered are: Broom 
( Cytisus (Sarothamnus) scoparius Link.), Lupin ( Lupinus ), Broad Bean 
(Vicia faba ), Kidney Bean (Phaseolus vulgaris ), Garden Pea (Pisum 
sativum L.), Lucerne (Medicago sativa) and Wild White Clover (Trifolium 
repens L.). It was found that the factor of captivity could be ignored 
in the case of Apion ulicis, for females readily oviposited in a gorse pod 
within a test tube. It was noted, however, that under similar conditions 
Apion ulicis would not oviposit in pods of other plants. Three cages of 
growing plants of each of the above species were arranged and 30 ovi- 
positing females together with 10 males were put in each cage. A cage of 
Ulex was kept as control. Examination of pods after 2 months interval 
resulted in practically every gorse pod being infected whereas no sign 
of oviposition in the pods of the other plants was witnessed. At this 
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date no live adults could be found on the “tested” plants, while 28 
females and 5 males were still alive on the gorse. This test was further 
elaborated in that both eggs and larvae of different ages were placed 
within the pods of tested plants. Tods of Broom, Lupin, Broad Beans, 
and Peas only were found practicable for the tests. A series varying 
from 10-20 pods of each plant was experimented with; eggs, and larvae 
of varying sizes, were put in each pod. Examination of pods later showed 
that while in some instances slight nibbling of the seeds of the tested 
plant had taken place, not a single larvae developed to the pupation stage. 

III. To test if adult weevils can survive on other leguminous plants. 

To secure comparable results the method shown in the photograph 
(Fig. 15) was adopted 1 . Sprigs of the plants concerned were cut and 
enclosed within a lamp-glass, the top of which was covered with a muslin 
cap; the stalks projected into a test-tube of water. Each plant was tested 
in triplicate, 20 weevils being placed in each. Counts were taken every 
5 days, and tin' results have been plotted in Graphs 1 and II. In Graph J 
the weevils used were those* of the 1920 generation and thus the tendency 
of the weevils to die off on the gorse* is observed. There is, however, a 
striking difference between the death rate on gorse and that on other 
host plants. The host plants tested were confined to lupin and broom, 
because at the time when this experiment was commenced there was 
not a sufficient supply of the other plants available. Graph TI gives the 
results of a larger series of experiments, where the weevils used were 
those secured from the pods of gorse before they had fed on their natural 
host plant. It was felt that these tests would give more reliable results. 
It is regretted that after the 45th day an accident to the tray of experi- 
ments rendered further procedure impossible. It is fortunate, however, 
that the experiment was sufficiently far advanced to give significant 
results and the final termination of the curves can be approximately 
assumed. Repetition was impossible owing to the fact that frost soon 
occurred and the weevils commenced hibernation. Actual nibbling of 
the plants of lupin and broom was observed, but it is evident from the 
curves that this was not beneficial to the weevils. In fact from the 
position of the “damp sand ” and “hawthorn’’ curve there is a strong 
indication that some of these host plants may actually be detrimental to 
the welfare of the weevil. It is quite obvious that under the conditions 

1 The technique is that used by (\ T. (liminj'ham in research on insecticides and a 
detailed description of the same will be shortly published. 
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of these tests these plants cannot serve as food for Apion ulicis. It 
is interesting to note that Apion ulicis has been recorded from Ulex 
nanus , and Bargagli(2) states that it has been observed on Genista 
tinctoria. 



Graph L Death-rate of Apion ulicis (old specimens) on economic plants. 


Kegarding the occurrence of Apion ulicis on broom ( Cytisus scoparius) 
it should be stated that on Harpenden Common there is a small area of 
broom among the gorse. Periodical examination and beating of these 
bushes with a view to ascertaining the presence or otherwise of the 
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weevil, have yielded entirely negative results; despite the fact that 
Apion uUas is in abundance on the adjacent gorse bushes. 



Graph II. Death-rate of Apion ulicis (newly emerged) on economic plants. 


11. Parasites. 

One of the most important points in biological control is the separ- 
ation of a beneficial insect from its parasite, or hyper-parasite as the 
case may be. Thus the greatest possible care has to be taken lest the 
parasite be introduced into the new environment along with its host. 
Such a step might result in entire failure of the attempt. It is, of course, 
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also essential that parasites of the insect about to be introduced should 
not already exist in the new environment. 

Observations have been made regarding parasites of Apion ulicis 
and a few have occurred in practically every locality. An estimation of 
the percentage infestation has been made at Harpenden; the 500 pods 
previously referred to afforded the following data: 9 per cent, of the 
infected pods were infected with parasites, the number of parasites per 
pod varying from 1-8. The actual percentage of Apion ulicis parasitised 
was only 4. The degree of parasitism at Harpenden was quite the normal 
of other districts investigated. 

The parasites proved to be all of one species 1 . This species was 
originally described by Goureau (8) as Semiotus apionis ; the genus 
Seyniotus Wlk., it may be added, has now become a synonym of Semio- 
tellus Wstw. Dr Waterston, who kindly identified these parasites, how- 
ever, states that while the parasites obtained from Apion ulicis agree 
perfectly with Goureau \s description of Semiotus apionis , they do not 
belong to the genus Semiotellus , so that the generic position of this 
species will need to be ascertained. 

There are three other records of parasites of Apioyi ulicis: Ptcromalus 
pirus Wlk. and Eulophus ulicis Perr. both recorded by De Gaulle ( 3 ), 
and Semiotus brevipennis Walk, bred by Goureau (Dours. Cat. 102). 
All these records are from France. 

12. Summary. 

1. The present study of Apion ulicis Forst. is in reference to the 
use of this weevil in the control of Ulcx europaeus in New Zealand: its 
synonymy and geographical distribution are dealt with. 

2. The external morphology of the egg, larva, pupa and imago of 
Apioyi ulicis have been studied, special attention being devoted to the 
mouth parts of both adult and larva. The male and female reproductive 
organs are also described and figured. 

3. The details of its life-history and feeding habits are given and 
an account of the damage caused by both adult and larva is included. 

4. A survey of 62 districts in Great Britain has been organised and 
as, high as 92 per cent, pod infection has been observed. 

5. Primary attention has been given to the possibility of Apion 
ulicis attacking economic plants. It was found that only leguminous 
plants need be considered, and of these oviposition only occurred in 


1 Dr Waterston has since identified the species as Splintherus leguminum , Katz. 
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pods of Ulcx europaeus . Tests to ascertain the ability of Apion ulids 
to thrive on other leguminous plants gave entirely negative results. 

6. A parasite identified as Splint herus leguminum , Katz, has been 
bred, a 4 per cent, parasitism was estimated. Three other records of 
parasites of Apion ulids art 1 quoted. 
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14. EXPLANATION OF PLATES XV-XVII 

PLATE XV. 

Fig. 1. Apion ulicis Forst. (female), x 20. 

Fig. 2 o. Apion ulicis: mouth parte of adult (dorsal view), x 300. Lettering as Fig. 3. 

Fig. 2 b. Apion ulicis : mandible of adult, x 300. ad m, adductor muscle; ab m, abductor 
muscle; c, condyle, gm , ginglymus; ph b, pharyngeal bracon. 

Fig. 3. Apion ulicis : ventral aspect of mouth parts of adult, x 300. sm , submentum ; 
mt , mentum; mx p , maxillary palp; Ip, labial palp; Ig , ligula; k, lacinia; p , palpifer; 
cd t cardo; sg, subgalea; st , stipes; mx, maxilla; mn, mandibles. 

Fig. 4. Apion ulicis: male reproductive organs (dorsal view). x36. a, aedeagus; a g, ac- 
cessory gland; e d , ejaculatory duct; t, testes; tr , transfer apparatus; r, chitinous rod; 
vd, vasa deferentia; m, longitudinal muscles. 

Fig. 5. Apion ulicis: female reproductive organs (dorsal view), x 30. ag, accessory 
gland; be, bursa copulatrix; m, vaginal muscles; o, ovariole; od, oviduct; sp, sper- 
matheca; spd, spermatic duct; vit, vitellarium; vg, vagina; t, terminal filament; 
u , uterus; r, chitinous rod. 

PLATE XVI. 

Fig. 6. Apion ulicis: mature larva (lateral view). x36. I, prothoracic sogt.; 11, meso- 
thoracic segt. ; 111, metathoraeio segt. ; h, head capsule; p sc, prescutal lobe; sc, scutal 
lobe; scl, scutellar lobe; abd I, 1st abdominal segt.; abd X, 10th abdominal segt.; 
sp, spiracle; pig, pleural groove; hip, hypopleural fold; ep, epipleural lobe; st, ster- 
nellar fold; pi, pleurites. 

Fig. 7. Apion ulicis: mouth parts of larva, x 135. a, antenna; cl, clypcus; c, labrum; 
ep, epistoma; ep l, epicranical plate; e s, epicranial suture; fr, frons; mn, mandible. 

Fig. 8. Apion ulicis : mouth parts of larva (ventral view), x 13"). A, maxilla; cd, cardo; 
st, stipes; sgl, subgalea; gl, galea; Ic, lacinia; f, palpifer; mx p, maxillary palpus. 
B, mt, mentum; l p, labial palp; pm, prementum; sm, submentum. 

Fig. 9. Apion. ulicis: spiracles of larva, x 325. A, Biforous Bpiracle of pro- and meta- 
thorax; B, Abdominal spiracle; a, atrium; ch, chitinous bow; o, spiracular opening; 
pr, peritreme; t, tracheae; tr, trabeculae. 

Fig. 10. Apion ulicis : pupa (female) ventral view, x 36. a, antenna; 1, prothoracic legs ; 
2, mesothoracic legs; 3, metathoraeio legs; abd IX, 9th abdominal segt.; cs, caudal 
spine; el, elytra. 

PLATE XVII. 

Fig. 11. Apion ulicis (female) boring hole in gorse pod prior to oviposition. 

Fig. 12. Apion ulicis: female with ovipositor in gorse pod. 

Fig. 13. Apion ulicis: batches of eggs in situ within gorse pod. 

Fig. 14. Apion ulicis: adults within gorse pods just prior to emergence; remains of cocoons 
visible. 

Fig. 15. Portion of insectary with tray of “Starvation test” experiments in situ. 

Figs. 11 to 15 are from photographs taken by V. Stansfield. 


( Received December 8th, 1927.) 
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Introduction. 

Naphthalene, either alone or in conjunction with other materials, 
has a certain reputation as a soil insecticide. It has been re- 
commended for use against wireworms and leather-jackets; many 
experiments, however, have shown that its toxic action is uncertain 
under field conditions. Data to be presented indicate that in pot 
experiments in which thorough mixing of powdered naphthalene with 
finely divided soil is carried out by hand, naphthalene at moderate 
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concentrations is toxic to wireworms. Failure on a large scale may 
therefore be due to one or all of the following causes: (1) imperfect 
incorporation with the soil; (2) rapid disappearance from the soil either 
by decomposition or volatilisation; (3) a repellent action causing migra- 
tion of the insects to positions where the vapour of the chemical is no 
longer effective. Naphthalene is known to be negatively chemotropic 
to many insects. 

It has been shown (8) by experiments in sealed flasks that an atmo- 
sphere saturated with naphthalene vapour is not toxic to wireworms 
in a thousand minutes, its action being limited by the low vapour 
pressure of the compound. Thus naphthalene has three draw-backs for 
use in the soil as an insecticide: (a) it is slow in toxic action; (b) its 
vapour diffuses only slowly through the soil, in consequence of which 
its zone of toxic action is limited to a small volume; and (c) insects on 
coming into its zone of action are repelled and may escape from its 
toxic effects, unless the chemical is incorporated thoroughly with the 
soil to a fairly good depth. 

It was early noticed in pot experiments that naphthalene dis- 
appeared from a good garden soil at a rate too rapid to be entirely 
accounted for by volatilisation. It appeared probable that decompo- 
sition by the action of micro-organisms in the soil was taking place. 
If this were so, the rate of loss would be expected to vary with the 
type of soil, and in certain soils the naphthalene might be decomposed 
too rapidly to be effective as an insecticide. Further, if the disappearance 
were due to bacterial action, the increasing numbers of naphthalene- 
decomposing organisms, which would result from repeated treatments 
of the soil by the chemical, would tend to make them progressively less 
effective against insects. 

The experiments described here were designed to test these sug- 
gestions, and to attempt to determine the rate of decomposition of 
naphthalene in the soil. As a necessary preliminary, an investigation 
of methods for the determination of naphthalene in soil was undertaken. 

The experimental work divides itself conveniently into two sections. 
The first part deals with the toxicity of naphthalene to insects in the 
soil, using wireworms as test subjects; and the second deals with the 
determination of naphthalene in soil and the investigation of its rate 
of decomposition. 

The experiments were carried out in 1920 and 1921. Time was not 
available for their completion, but a number of points of interest 
emerged which it seemed advisable to put on record. 
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Experimental. 

Pot and plot experiments on the toxicity of naphthalene to wireworms . 

Method. Lots of 2000 gm. of soil which had been passed through a 
3 mm. mesh sieve were thoroughly mixed with powdered naphthalene 
in quantities varying from 0*1 to 0*0125 per cent, and put into glazed 
pots of an internal diameter 5| in. and internal depth of in. A number 
of wireworms (8-10) were placed on the surface and allowed to penetrate 
or in some cases were put in first at the bottom of the pot and covered 
by the soil. The pots were placed in a cellar which varied little in 
temperature from day to day and were covered with brown paper which 
was occasionally moistened to prevent undue loss of moisture from the 
soil. The level of the soil was usually \\ to 2 in. from the edge of the 
pot and the wireworms were unable to escape. The pots were examined 
at the end of one week. 

At concentrations of 0*1 and 0 05 per cent, naphthalene was generally 
completely toxic and concentrations of 0*025 and 0*0125 per cent, were 
often lethal. The insects, however, varied in resistance to some extent 
according to the period of the year, and it is probable that just before 
moulting resistance is considerable, whereas immediately afterwards 
the wireworms appear more vulnerable to the action of the poison. 
As far as possible the insects chosen for experiment were of about the 
same size and in a state of activity; very light coloured individuals 
were rejected. In reading the data, it should be remembered that they 
refer to experiments carried out under conditions in which the insects 
had only a restricted area to move about in, and that they could not 
escape from the action of the poison, it is probable that in the open the 
results would have been somewhat less decisive. 

The first set of experiments were designed to ascertain for how long 
a period naphthalene would retain its lethal properties in the soil. 
Different varieties of soil were chosen and, after putting through a 
3 mm. sieve, treated with naphthalene in the usual way and examined 
from week to week till the toxic properties of the material were lost. 
A fresh batch of wireworms was added each week. The moisture con- 
tent of the soil was determined from time to time and a little water 
added when necessary in an attempt to keep the moisture as constant 
as possible throughout the experiments. 

The soils used were: (1) samples taken at different depths and a 
general sample to a depth of 9 in. from the manured and nnmanured 
plots of Broadbalk field; (2). sample from Little Hoos field; (3) a richly 



Table I. 

Loss of toxicity with time of naphthalened soil (pot experiments ). 

(Controls with soil and with sand gave no deaths. ) The soils were moistened occasionally. 

(All figures are percentages.) 

First week Second week Third week Fourth week Fifth week Sixth week 
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manured soil from a cucumberhouse ; and (4) soil from an allotment in 
the laboratory grounds (a typical garden soil). The results are stated 
in Table I. 

The data presented in Table I bring out several important points. 
It is clear, in the first place, that the effectiveness of the naphthalene 
depends on the type of soil; in the naphthalened “cucumber” soil all 
the wireworms were not killed at any of the concentrations tested 
(0-05-0-0125 per cent.), whereas with most of the other soils the higher 
concentrations were effective. Secondly, in well-manured soils, the 
naphthalene loses its toxic action more rapidly than in unmanured 
soils; thus, the naphthalened soil from Broadbalk manured plots (farm- 
yard manure) only retains its toxicity for about a week or ten days, 
whereas in soil from the unmanured plot toxicity persists for three 
weeks. Thirdly, treated soils from different depths from the manured 
and unmanured plots of Broadbalk retain their toxicity for different 
lengths of time; the top inch of soil from the manured plot destroys the 
toxic action of naphthalene in a little over a week, the soil from the 
2nd to the 5th inch in a fortnight, and from the 3rd to the 7th inch in 
three weeks, whereas in the soil from 7-9 in. deep — just below the depth 
of ploughing — the toxic action persists into the 5th week. Similar 
results were obtained with the soil from different depths of the un- 
manured plot, except that in this case the toxic properties of the 
naphthalened soils from the top to the 7th inch persist for approximately 
three weeks and in the soil from the 7th to the 9th inch until the 5th week. 

The natural deduction to be drawn from these data appears to be 
that the loss of toxicity is due to bacterial action and this is confirmed 
by experiments with sand and with sterilised soil. A garden soil (known 
as “allotment” soil) was mixed with sand (15 per cent.) and autoclaved 
for four periods of three hours each ; lots of 2000 gm. were then naphtha- 
lened under as sterile conditions as possible and placed in pots of the 
usual dimensions; wireworms were introduced and each pot covered 
with two sheets of brown paper. A similar experiment in which clean 
sand was used and a control with naphthalened unsterilised “ allotment” 
soil with 15 per cent, of sand were set up concurrently. It was found 
impossible to keep soil sterile under these conditions for more than a 
short period, as wireworms themselves introduced a contamination 
factor; nevertheless, the unsterilised soil retained its toxicity for only 
a week, whereas in the case of the sterile soil treated with naphthalene 
toxicity persisted for from two to three weeks and in the sand for a 
full four weeks. 
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These Experiments were carried out under conditions where finely 
divided naphthalene was thoroughly incorporated with the whole bulk 
of soil, earlier experiments having indicated that when naphthalene was 
mixed with the top layer of soil only, the wireworms generally migrated 
to the bottom of the pot, out of range of the toxic action of the naphtha- 
lene, and so largely escaped injury. 

Another set of experiments was set up to test whether the degree 
of fineness of the naphthalene materially affected its toxicity or per- 
sistence in the soil. A dry soil containing 10 per cent, of moisture was 
phosen in which 0-05 per cent, of finely ground naphthalene was known 
to persist for two weeks, and it was found that when crystals of naphtha- 
lene of the size of a pea were thoroughly incorporated, toxicity persisted 
for three weeks, but that when the particles were less in Bize than this 
the toxic effects disappeared as rapidly as with the most finely ground 
material. Here it is probable that the toxic effects and their persistence 
were accentuated by the dryness of this soil, the moisture content falling 
as low as 8-6 per cent, in the course of three weeks. The data given in 
Table II afford evidence of this. In each case ‘‘allotment” soil with 
15 per cent, of sand was used, and apart from the variation in the 
moisture content the soil samples were similar. 

Table II. 


Effect of moisture content of soil upon persistence of toxic action 
of naphthalene on wireworms. 

Percentage killed 


Moisture 

Naphthalene 

First 

Second 

A 

Third 

Fourth 

Fifth 

o/ 

7o 

0/ 

/o 

week 

week 

week 

week 

week 

181 

0-05 

100 

0 

— 

— 

— 


0-0375 

90 

0 

— 

— 

— 

»» 

0-025 

90 

0 

— 

— 

— 

17*8 

0-05 

100 

0 

— 

— 

— 

a 

0*025 

100 

0 

— 

— 

— 

15-8 

0*05 

100 

0 

— 

— 

— 

10-8-8-6 

0-05 

100 

100 

80 

23 

0 

ft 

0-0375 

95 

100 

0 

— 

— 


0-025 

100 

100 

0 

— 

— 


0;05 

100 

70 

33 

0 

— 

„ 

0-05 

100 

100 

100 

0 

0 

In considering the data in 

Table II, 

it should be realised that the 


resistance of the insects is undoubtedly affected by the dry conditions 
of the soil when the moisture content is 10 per cent, or below; never- 
theless, these experiments afford clear evidence that the toxic action 
of naphthalene persists for a longer period under dry than under more 
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humid conditions of the soil, for the characteristic odour of the chemical 
disappeared from the moister soils in a period of about seven days, 
whereas in the drier soils it continued for some weeks. It is thus apparent 
that aridity imposes a limit upon the activity of the factor making for 
decomposition. It would be interesting to ascertain whether there be 
an upper limit to the range of water content of the soil above which 
naphthalene would be found to be relatively stable. This would possibly 
be the case, as free access of oxygen, which water-logging would 
prevent, would appear to be requisite for decomposition ; it is, however, 
questionable whether the retardation would take place much below the 
water-saturation point and as the latter varies with the type of soil, 
the mere expression of the moisture values without reference to the 
soil type would afford no indication of the stability or otherwise of 
naphthalene in any particular soil. 

By permission of Mr J. C. F. Fryer, an experiment on a larger scale 
was carried out in the grounds of the Plant Pathological Laboratory 
of the Ministry of Agriculture. Three plots of 1 square yard were 
divided off by corrugated sheeting sunk to a depth of 1 ft.; the soil to 
12 in. deep in two plots was thoroughly mixed with naphthalene equi- 
valent to 0*056 and 0*028 per cent, on the soil respectively, the third 
plot being left as a control. About 200 wire worms were placed in each 
plot and after a period of nine days the soil was gone through and the 
wireworms recounted. The central plot was subsequently treated with 
0-019 per cent, of naphthalene. 

I am greatly indebted to Mr E. H. Hodson, now of the Seale Hayne 
Agricultural College, for supervising these experiments and undertaking 
the laborious task of making the wireworm counts. The results are 
given in Table III. 

Table III. 


Small plot experiments on toxicity of naphthalene to wireworms . 

(200 wireworms added to each plot.) 

Soil treated to 1 ft. deep. Examination after 10 days. 


Amount of naphthalene 
added 

No. of wireworms 
recovered from 
each plot 

No. unaffected 

No. moribund 

Control (untreated) 

150 

150 

— 

0-056 % (15 cwt/aore) 

154 

2 

152 

0-028 % (7-5 owt/acre) 

150 

5 

145 

*0-019 % (5-0 owt/acre) 

167 

86 

81 


* The wireworms in this plot found unaffected were put back, and the plot re-examined 
after a further seven days; 78 were found alive and 8 dead; after putting back the “un- 
affected ” for another month no further deaths were noted. 
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Experiments on re-additions of naphthalene to soil . 

If the disappearance of naphthalene from soil be due to bacterial 
action, the enhanced number of naphthalene-decomposing organisms 
resulting from the treatment should lead to a more rapid decomposition 
of doses subsequent to the first, with a consequent lowering of toxicity. 
Four small experiments were set up to test this view. Two lots of 
500 gm. each of “ allotment ” soil with an addition of 15 per cent, of 
sand were treated with 0*05 per cent, and two with 0*025 per cent, of 
naphthalene and put in glass jars of about 600 c.c. capacity fitted with 
screw caps. Wireworms were introduced into each. After examination 
at the end of the first week the soils were re-treated with the same 
amounts respectively, a fresh supply of wireworms being introduced 
each week. The naphthalene from the two higher concentrations dis- 
appeared too slowly to give conclusive results, but the two experiments 
with the lower concentrations indicate that the second dose of naphtha- 
lene was less effective than the first. The data were as follows: 


Naphthalene 
added 
1st week 
o/ 

/o 


Deaths 
1st week 

o/ 

/o 


Naphthalene 

added Deaths 

2nd week 2nd week 

o/ o/ 

/o /o 


0025 70 

0-025 100 


0025 0 

0-025 25 


Loss of toxicity of naphthalene not due to volatilisation . 

Experiments were set up in which naphthalened “allotment” soil 
and sand containing 15*4 per cent, moisture, was kept in glass jars 
closed with screw caps. The soil was examined each week and a fresh 
supply of wireworms introduced. After the first addition no further 
naphthalene was added. The results obtained are given in Table IV. 


Table IV. 


Duration of toxicity of naphthalene in closed vessels . 


Percentage 
naphthalene 
in soil 


Percentage deaths 


r 

First week 

Second week 

Third week 

0-05 

100 

100 

0 

0-05 

100 

100 

0 

0-025 

100 

0 

— 

0-025 

100 

0 

— 

Controls 

0 

0 

0 
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Reference to Tables 1 and IV shows that in the experiments carried 
out in open pots with a similar soil of about the same water content, 
the toxicity of naphthalene at concentrations of 0*05 and 0*025 per cent, 
does not persist beyond the first week, although in the closed vessels, 
naphthalene at concentrations of 0*025 per cent, disappears in this 
time, the higher concentration (0*05 per cent.) persists for a further 
week. The more rapid disappearance of the higher concentration in 
open pots would not appear to be due to volatilisation as the vapour 
pressure of naphthalene is very low, but it does point to the fact that 
either free access of oxygen is essential for the decomposition of the 
chemical, or that the factor making for decomposition is not so active 
in closed as in open vessels. The results obtained in closed vessels 
indicate that the loss of naphthalene from the soil is mainly due to some 
factor inherent in the soil rather than to volatilisation. 

Experiments on the stabilisation of naphthalene in soil. 

For the purpose of controlling pests or disease organisms in the soil 
by chemical treatment, it is essential that the chemical should persist 
in the soil sufficiently long for its toxic action to be complete; but not 
for so long a time as to be detrimental to the crop following the treat- 
ment. 

Two methods suggest themselves as suitable for stabilising naphtha- 
lene: 

(1) The incorporaton with the naphthalene of some other chemical 
or antiseptic. 

Although not fully explored this method has so far not given very 
successful results. 

(2) The substitution of some element or group in the naphthalene 
molecule. 

Neither of these methods was fully investigated, but experiments 
with a-chlornaphthalene showed that the introduction of chlorine into 
the naphthalene ring had a marked stabilising influence. Lots of 500 gm. 
of “allotment” soil plus 15 per cent, of sand were taken and each treated 
with equimolecular quantities of naphthalene and a-chlornaphthalene. 
In addition, two sets were treated with mixtures of naphthalene and 
a-chlornaphthalene in equimolecular proportions. The treated soils were 
then placed together with a number of wireworms in glass jars, which 
were closed with screw-cap lids. Examinations were made each week 
when a fresh supply of wireworms was added. The results are given 
in Table V. 
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Table V. 

Comparative duration of toxicity of naphthalene and 
a-chlornaphthalene in soil. 





Percentage deaths each week 


Treatment 

o/ 

/o 

1 

2 

3 

4 

5 

6 


Naphthalene 

0-015 

100 

100 

0 







. 

„ 

0-05 

100 

100 

0 

— 

— 

— 

— 

,, 

0-025 

100 

0 

— 



— 

— 

— 

,» 

0-025 

100 

0 

— 

— 

■ — 

— 

— 

a-Chlornaphthalene 

0-004 

100 

100 

100 

100 

100 

100 

0 

,, 

0-004 

100 

100 

100 

100 

100 

100 

30 

»> 

0-032 

100 

100 

66 

75 

0 

0 

— 

„ 

0-032 

75 

83 

66 

1(K) 

0 

0 

— 

»» 

0-032 

100 

100 

80 

75 

50 

0 

— 

Naphthalene and 

0-0251 

100 

60 

0 

0 




a-Chlornaplithalene mixture 

0-032/ 


' ' 


99 » 


100 

50 

0 

0 


— 

. — 

Control (1) 

0 

0 

0 

— 

— 

— 

— 

— 

„ (2) 

0 

0 

0 

— 

— 

— 

. — 



The results obtained with 0*032 per cent, of a-chlornaphthalene 
indicate that it is slower in its toxic action than naphthalene, but the 
data in Table V clearly demonstrate that it persists in the soil for a 
greater period of time. It is a matter of surprise to find that the mixture 
of naphthalene and a-chlornaphthalene fails in toxicity at the end of 
the second week and that instead of the a-chlornaphthalene exercising 
any stabilising action on the naphthalene, the latter tends to de-stabilise 
the chlornaphthalene. Although no opportunity presented itself of con- 
firming this result, it will be shown later that the addition of naphthalene 
to the soil causes, after a few days, a considerable rise in bacterial 
numbers, and it is not unreasonable to believe that amongst the organisms 
selected out by the naphthalene and which presumably finally de- 
compose it, there will be variations, and that amongst them certain 
varieties will be capable of breaking up the a-chlornaphthalene molecule ; 
the presence of naphthalene in the soil will tend to increase their number 
and so lead to a more rapid break-up of the chlornaphthalene molecule. 

Determination of the rate of disappearance of naphthalene from soil. 

In view of the fact that the toxicity of naphthalene in the soil only 
lasted in many cases for a brief period, it was considered advisable to 
determine its rate of disappearance by chemical methods. Methods for 
the determination of naphthalene, particularly in coal-gas, have been 
described. These invariably depend upon the formation of a mole- 
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cular compound with picric acid, known as naphthalene picrate, 
c 10 h 8 : C 6 H 3 N 3 0 7 , a relatively unstable body, but only slightly soluble 
in water. The reaction of naphthalene with picric acid takes place 
fairly readily, and the naphthalene can be determined either by direct 
weighing as naphthalene picrate or, if a standard solution of picric 
acid has been employed, by titrating the solution of picric acid before 
and after treatment with standard alkali 1 . Kuster(C), Colman and 
Smith (l), Gair(2, 3 ) and Somerville (2) have devised different modes of 
carrying out the estimation of naphthalene by the employment of this 
reaction. Kuster’s method, as modified by Colman and Smith, appeared 
too complicated and too slow for determining small amounts at intervals 
of a few hours. The use of relatively large amounts of acetic acid in 
Gair’s method added to the difficulties of estimating by titration with 
standard alkali. Somerville has suggested the employment of alcohol 
for the absorption of naphthalene and its subsequent precipitation by 
a large excess of an aqueous solution of picric acid; a modification of 
this method was finally adopted and is described on a later page, but 
in the earlier stages of the work a number of experiments were carried 
out using aqueous picric acid for purposes of absorption. 

Estimation of naphthalene in soil. Two methods can be used for 
isolating naphthalene from the soil. (1) The naphtlialened soil can be 
subjected to a stream of gas, at a moderately high temperature, the 
naphthalene vapour being absorbed in some suitable solvent or directly 
precipitated by a solution of picric acid. (2) The soil can be subjected 
to distillation with steam, and the naphthalene determined in the dis- 
tillate. Both methods were used as a check upon each other. 

(1) Aeration method. The naphthalened soil, after being mixed with 
sand, was aerated in a U-tube, the sand and soil being placed in the 
limb of the U-tube furthest from the absorption apparatus, the other 
limb contained glass-wool and above the glass-wool an amount of 
phosphoric pent-oxide was loosely packed to absorb moisture and 
ammonia. Any carbon dioxide and sulphuretted hydrogen were ab- 
sorbed by a caustic soda solution in a small all-glass absorber, which 
could be warmed if any lodgment of naphthalene was noted; the gases 
then passed by way of a tube, having several constrictions along its 
length and which acted as a spray trap, to two absorption vessels in 
series. The absorption vessels were tubular but gradually narrowed 
towards their lower ends so that the inlet tube only allowed the narrowest 

1 Titration of the picric acid or naphthalene picrate can also be carried out by means 
of titanoiis chloride (5). 


5—2 



68 Decomposition of Naphthalene in the Soil 

of margins for the passage of air, a bulb mid-way along the tube per- 
mitting of a good deal of splashing without loss of solution. 4~6 c.c. 
of 0*9 per cent, aqueous picric acid were used for absorbing the naphtha- 
lene and at the end of the experiment the volume was brought up to a 
definite mark on the limb of the absorption vessel, by the addition of 
a little distilled water. After the experiment the precipitate of naphtha- 
lene picrate was centrifuged out and an aliquot part of the clear super- 
natant liquid was pipetted off and titrated with N / 50 or A/100 caustic 
soda. A few experiments were carried out using a solution of picric 
acid in water containing 20 per cent, glycerine in the absorption vessel ; 
the glycerine however was observed to introduce a buffering effect on 
the titration and was finally discarded. Air or naphthalene-free coal- 
gas, drawn through the apparatus by a water-pump, was used for 
carrying over the naphthalene. The use of coal-gas was finally dis- 
carded as the results obtained did not differ materially from those 
obtained with air. The U-tube was heated to 150° C. in a glycerine 
bath, and the whole absorption apparatus protected from draughts by 
means of an asbestos box, which could be kept at a fairly constant 
temperature by means of a micro-burner. 

Acknowledgments and thanks are due to Major G. G. Hyde, for 
help given during the early stages of working out a suitable method of 
estimating naphthalene by the aeration method! 

The titration of so highly coloured a solution as that of picric acid 
presented some difficulties — as in ordinary white light the turning point 
of the indicator was greatly obscured. It was observed, however, that 
if the titration were carried out in a light of about the same colour as 
that of picric acid solution, the latter appeared to the eye nearly colour- 
less, and the end point was quite sharply defined. The titrations were 
carried out therefore in a room illuminated by means of an electric 
bulb immersed in a strong solution of picric acid; the addition of a 
little eosin to the latter rendered the effect of decolorisation still more 
marked. Brom-cresol purple, phenol or cresol-red were found to be the 
most suitable indicators. 

The method is extremely tedious and requires continuous attention 
for several hours. It was finally replaced by a method depending on 
distillation in steam. Fairly constant results however were obtained and 
these are consistent among themselves and show the same relative order of 
differences as those obtained by a distillation method, to be described later. 

Using 10 gm. of naphthalened garden soil containing 50 mg. of 
naphthalene per 100 gm. of soil for each test, eight estimations gave 
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results lying between 38-3 and 41-0 of naphthalene with a mean of 
39*3 mg. At a later stage it was found that a greater proportion of the 
naphthalene could be recovered by using a smaller amount of soil in 
the tests and increasing the volume of the picric acid solution in the 
absorbers relative to the amount of naphthalene to be absorbed. The 
following results were obtained when 5 gm. of soil were aerated instead 
of 10. 


1 

2 

3 

4 


Added t,o 5 gm. 
of soil 
mg. 

2-6 

2-5 

2*5 

2*5 

2*5 


Recovered from 5 gm. 
of soil 
mg. 

2-2 
2- 32 
2-44 
2-33 
2-36 


A control test with untreated soil showed neither concentration nor 
condensation in the absorbers and the titration figure of the picric acid 
was unchanged. 


The formation of formaldehyde daring the aeration of heated soil. 

During the aeration in the cold of soil fairly rich in humic material, 
which had been heated to 150° C. for several hours and then allowed to 
cool, the characteristic odour of formaldehyde was noted. Its presence 
was confirmed by the phloroglucinol test. In this instance, lime was 
used in the U-tube and aeration was continued in the cold for much 
longer than usual. The reaction is of great interest in itself, but as 
formaldehyde affects picric acid solution, it also indicates that it is 
advisable not to prolong unduly the aeration of the soil after the 
naphthalene has been volatilised. 


Experiments with a garden soil and with a soil from a cucumber house. 

2000 gm. of a garden soil and 2000 gm. of a soil, rich in humus, 
from a cucumber house were each mixed with 1 gm. of finely ground 
naphthalene, placed in two large bottles, leaving ample air-space 
above the soil, and closed with cotton-wool plugs. Each day 10 gm. 
of soil were taken after thorough mixing and the naphthalene deter- 
mined by the aeration method. At the same time the numbers of 
bacteria in the garden soil were estimated by Mrs D. J. Matthews, to 
whom the author wishes to express his thanks. The gelatine plate 
method was used in these counts. Later work has shown this method 
to give results of too high an order; absolute numbers are, however, for 
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Table VI. 

Rate of disappearance of naphthalene from two soils. 

10 gm. of soil used in aeration. 

Bacterial nos. “Allotment” soil. “Cucumber” soil. 


in allotment Naphthalene found in mg. per Naphthalene found in mg. per 



soil, millions 

nrm fl nnvo 


100 gm. soil 

a 



1 00 gm. soil 

... .a. 



I* ilUUVl 

r 


‘a 



A 

Day 

control 

(1) 

(~>) 

Mean 

(1) 

(2) 

M can 

1 

10 

37-8 


37-8 

35-4 

38-3 

30-8 

2 

7-5 

34*3 


34-3 

30 

28*5 

29*2 

3 

2f> 

32-4 

35* 1 

33 7 

22 

20 

24 

4 

200 

30*9 

32-4 

310 

0'44 

0*49 

0*40 

5 

— 

20* 5 

27- 1 

20-8 


Trace 


6 

800 

21-2 

23*4 

22-3 

— 

— 

— 

7 

750 

4-2 

3-9 

4-0 

— 

— 

— 

8 

— 


Traces 


— 

— 

— 



Days 

X X Naphthalene found in “allotment” soil (aeration method) 

O O »» ,, “cucumber” ,, ,, 

A A Bacterial numbers in “allotment” soil 


Diagram 1. Decomposition of naphthalene in two soils. 
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this purpose of less value than relative figures, and the counts are of 
value and interest as they serve to show that a considerable rise in 
bacterial numbers took place just prior to and during the period when 
the rate of disappearance of the naphthalene was greatly accelerated. 
The data obtained are given in Table VI and the mean values are 
expressed graphically in Diagram 1. 

These data indicate that the rate of disappearance of naphthalene 
depends entirely upon the type of soil used, the soil richest in organic 
matter and presumably therefore in microbiological population in- 
ducing the more rapid decomposition. 

Decomposition in sealed bottles. 

A further series of experiments was carried out with the “ cucumber” 
soil. Eight lots of 400 gm. of cucumber soil were mixed with 0*2 gm. 
of powdered naphthalene, placed in separate bottles of 500-600 c.c. 
capacity and sealed by screw capped lids fitted with rubber bands. 
From 'time to time, the bottles were opened, the soil rapidly mixed, 
the bacterial numbers determined and the naphthalene estimated in 
5 gm. of the soil, the remainder of the soil being put back into its bottle 
and sealed down. 

The bacterial numbers wore determined in triplicate by Mr D. W. 
Cutler, to whom the author wishes to express liis thanks. The data are 
given in Table VII and Diagram 2. 

Table VII. 

The disappearance of naphthalene from “ cucumber ” soil 
(sealed bottle experiment). 

50 mg. naphthalene originally added per 100 gm. of soil. 


Second and third openings 
of bottle 



Time 

First o]x*ning of bottle. 
Naphthalene found, 

Bacterial nos. 
Millions per 

Time 

A 

*i 

No. 

of 

from 

mixing 

mg. 

per 100 gm. soil 

A N 

gm. soil. 
Mean of 3 

from 

mixing 

Napthalene found, 

bottle 

(hrs.) 


2 

Mean 

determinations 

(hrs.) 

mg. per 100 gm. soil 

l 

0*5-0*75 

40*6 

47*1 

40*8 

39*3 

5*3 

43*3 

2 

23-24 

39*0 

38*0 

38*8 

14 

29*5 

36*4 

3 

47*5 

32*4 

31*6 

32 

102*0 

55 

73 

(2nd) 22*8 
(3rd) None found* 

4 

70-71 

17*0 

17*1 

17*35 

115*0 

79*25 

90 

(2nd) 7*4 

(3rd) None found 

5 

93-93*5 

6*4 

8*5 

7*5 

183*6 

100*75 

None found 

6 

117 

32 

— 

3*2 

179*3 

124 

None 


143 

None — 

* Bacterial 

None 

nos. rose 

212 — 

to 194*3 millions per gm. 
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Decomposition of Naphthalene in the Soil 



X X Amounts of naphthalene at 1st sampling of each bottle ' 

q Q ,, ,, ,, 2nd and 3rd sampling of each bottle 

A A Bacterial numbers at 1st sampling of each bottle 

_|_ „ ,, 2nd sampling of 3rd bottle 

Diagram 2. The decomposition of naphthalene in “cucumber” soil (sealed bottles 

experiment) . 


It was noted that after any bottle had been opened, and the soil 
stirred, the rate of disappearance of the naphthalene was apparently 
accelerated ; therefore, in addition to the determination of the naphtha- 
lene immediately after the first opening, the same bottle was reopened 
a few hours later, and again 24 hours after the first opening, and the 
amount of naphthalene again determined. An inspection of Table VII 
and Diagram 2 indicates that the opening of the bottle and the re-mixing 
of the soil materially expedites the disappearance of the naphthalene 
from the soil, and also causes a material increase in bacterial numbers. 
As little or no naphthalene could have volatilised in the brief time 
required for sampling, this simple operation must in some way have 
acted as a stimulus to the factor determining decomposition. 

The preliminary fall in bacterial numbers indicates a selective toxic 
action of the naphthalene on part of the bacterial flora ; the subsequent 
large rise shows that certain types of organisms are either capable of 
using naphthalene as a source of energy, or are stimulated to greater 
activity by its presence. 
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In all probability the estimations of naphthalene as carried out by 
the aeration method are valid in so far as they indicate the relative 
rates of disappearance of naphthalene from soil. The method as em- 
ployed, however, is so tedious and difficulty to operate with success that 
it was considered advisable to check the results by another means. Somer- 
ville’s method (2) indicates that alcohol can be used in the absorption 
vessels without interfering materially with the precipitation of naphtha- 
lene picrate, provided it is sufficiently dilute an4 a large excess of picric 
acid is present. It was therefore decided to use an alcoholic solution 
of picric acid for absorbing the naphthalene and to distil the latter from 
the soil into the alcoholic picric acid. 

(2) Estimation of naphthalene by steam distillation. 100 gm. of 
naphthalened soil were acidified with the smallest amount of phos- 
phoric acid necessary, and distilled in steam. 

The outlet of the distillation flask was fitted with a spray trap 
through which the steam was passed into a Matthews ammonia ab- 
sorption tube ( 7 ) containing 25 c.c. of a 5 per cent, alcoholic solution of 
picric acid, the absorption tube being allowed to get warmed by the 
passage of the steam in order to ensure complete reaction between the 
picric acid and naphthalene which distilled over very rapidly. A guard 
tube containing an acpieous picric acid solution was attached in series 
to the absorption tube to prevent loss of naphthalene. As soon as the 
greater portion of the naphthalene had passed over, both main ab- 
sorption tube and guard tube were cooled. After the completion of the 
distillation, which took about half to three-quarters of an hour, the 
absorbers were aerated for 20-30 minutes while being cooled. Both 
absorbers were washed out into a 250 c.c. flask with an accurately 
measured quantity of aqueous picric acid solution and then with a 
little distilled water and the flask filled up to the mark. 100 c.c. of the 
liquid were then filtered and titrated with standard caustic soda. The 
titration was again carried out in a yellow or orange coloured light 
obtained in the way previously described. For amounts of naphthalene 
less than 10 mg. per 100 gm. of soil a small absorber was used and a 
correspondingly smaller amount of alcoholic picric acid (the alcohol 
present in the graduated flask should not exceed 10 per cent, in amount 
and should preferably be less). If H 2 S or C0 2 is liberated in large 
amounts from the soil a second distillation flask containing caustic soda 
solution may be interposed between the first distillation flask and the 
absorber. This was not found necessary with the soil used and a control 
distillation of 100 gm. of the. soil showed no effect upon the titration 



74 Decomposition of Naphthalene in the Soil 

of the picric acid. The following results were obtained in test 
trials : 



Naphthalene added to 

Naphthalene found in 


100 gm. of soil 

100 gm. of soil 


mg. 

mg. 

(1) 

50 

47*7 


50 

490 

(3) 

50 

49*00 

(4) 

M 

1*5 

(• r >) 

1-2 

1*23 

(7) 

Control 0 

0 


The method is less accurate for the determination of amounts of naphtha- 
lene less than 5 mg. per 100 gm. of soil than for the higher concentra- 
tions. 

Experiments with repeated doses of naphthalene. 

These experiments were set up to ascertain whether, when naphtha- 
lene had been added to the soil and allowed to disappear, and the soil 
again re-treated, subsequent doses would be decomposed more rapidly 
than the first, as would be expected if the decomposition were due to 
the micro-organic population in the soil. 

Lots of 100 gm. of “ cucumber” soil were therefore treated with 50 mg. 
of naphthalene and placed in 1000 c.c. flasks fitted with cotton- wool 
plugs. The rate of disappearance was determined and when the naphtha- 
lene content of the first series had been reduced to a minute amount (in 
96 hours), a further quantity of 50 mg. was added to each of the remaining 
flasks and well mixed with the soil. The naphthalene now disappeared 


Table VIII. 

The effect of re-adding naphthalene to soil from which 
it had disappeared . 

100 gm. of “cucumber” soil used for each test. Concentration of naphthalene at 
beginning 50 mg. per 100 gm. of soil. 


First treatment Second treatment Third treatment 


A 

Naphthalene 

found 

Time 

... ..A _ _ 

Naphthalene 

found 

t — 

Time 

> 

Naphthalene 

found 

Time 

• (mg.) 

(hrs.) 

(mg.) 

(hrs.) 

(mg.) 

4 hrs. 25 mins. 

49*00 

0 

50 mg. (added) 

0 

50 mg. (added) 

18 „ 50 „ 

47*34 

24 

1*0 

3 

20*2-21*2 

45 „ 

30*70 

— 

— 

5 

8*7 

72 „ 

2*7 

— 


8 

2*8 

77 „ 

90 „ 

1*0 

Mere trace 

— 

■ — 

11 

2*3 
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«* V 2nd ,, ,, ,, 

0 Q , }rd ^ 

Diagram 8. Effect of iv-juldin^ naphthalene to soil (“cucumber” soil). 

in 21 hours. A third addition of naphthalene was then made and at 
the end of three, five, eight and eleven hours, 20 e.e. of a solution of 
mercuric chloride was added in order to stop the reaction and the 
naphthalene remaining was estimated. The data which are set out in 
Table VIII and Diagram 3 clearly show that doses subsequent to the 
first one disappear from the soil at a much greater rate. 

Experiments with sterile soil. 

In view of the acceleration in the rate of decomposition of naphtha- 
lene on subsequent re-additions to naphthalened soil, experiments were 
made to test the rate of disappearance from sterile soil. Six lots of 
100 gm. of soil from a cucumber house were placed in flasks of 1000 c.c. 
volume which were plugged with cotton- wool stoppers, so rolled that 
the flasks could just be supported when held by the wool. The soil was 
sterilised by autoclaving at 15-20 lb. pressure and then allowed to 
cool for 24 hours. Pure and sterile naphthalene was then prepared by 
flooding it in a round-bottomed flask with absolute alcohol, the alcohol 
being subsequently evaporated off in vacuo. 0*05 gm. lots (50 mg.) 
of the naphthalene were weighed out on sterile watch glasses and rapidly 
transferred to the flasks, well mixed with the soil and the flasks laid 
on their sides in a cellar which was known to keep at a fairly constant 
temperature for prolonged periods. 



Mg. of naphthalene and a-chlor- 
naphthalene per 100 gm. soil 
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A similar set using unsterilised soil was set up at the same time. 
At intervals the napthalene in each flask was determined by the dis- 
tillation method. The results are set out in Table IX and Diagram 4. 


Table IX. 


Decomposition of naphthalene and chlornaphthalene. Experiments 
with sterile and non- sterile soil (from cucumber house). 


Time 

Non-storil soil. 

Naphthalene 
found mg. 
per 100 gm. 

soil Time 

— 

50 (added) — 

4 hrs. 25 mins. 

49-66 24 hrs. 10 mins. 

18 „ 50 „ 

47-34 96 „ 

45 „ 

30-76 240 „ 

72 „ 

2-7 — 

77 „ 

1-0 — 

96 „ 

Mere trace — 


Sterile soil. 


Non-sterile soil. 

Naphthalene 


Chlomaphtha- 

found mg. 


lene found, mg. 

per 100 gm. 

Time 

per 100 gm. 

soil 

(hrs ) 

soil 

50 (added) 

— 

0-05 c.c. (added) 

49-55 

— 

50-1 

43-8 

47 

48-4 

43-4 

78 

45-0 

— 

172 

41-7 

— 

214 

42-8 

— 

362 

33-4 


526 

30-13 



Diagram 4. Kate of disappearance of naphthalene and chlornaphthalene from 
‘‘cucumber” soil 


Inspection of Table IX and Diagram 4 confirms the deductions 
drawn from all the data given, that the disappearance of naphthalene 
is due “to the micro-organic population of the soil. There is some loss 
of naphthalene from sterile soil, but as the cotton-wool plugs smelt 
slightly of the chemical, this was probably due to volatilisation. 
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Rate of disappearance of ehlornaphthalene from soil. 

In view of the rapid decomposition of naphthalene, experiments 
were made to ascertain whether it could be stabilised. It was considered 
that substitution of suitable groups in the naphthalene ring might 
be effective. Preliminary toxicity trials indicated that the substitution 
of a chlorine atom in the naphthalene molecule had a stabilising 
action (p. 66) and the rate of disappearance of a-chlornaphthalene 
from soil treated with this chemical was therefore determined. The 
experiments were carried out at the same time as the experiments 
set out in Table IX. Approximately 0*05 c.c. of redistilled a-chlor- 
naphthalene was pipetted by means of a capillary pipette into each 
of six 1000 c.c. flasks containing 100 gm. of non-sterile “ cucumber ” 
soil, the flasks plugged with cotton- wool and laid on their sides in a 
cellar. From time to time the amount of chlornaphthalenc was deter- 
mined by distilling in steam into standard alcoholic picric acid as in 
the case of the determination of naphthalene. Control tests gave a 
recovery of (1) 51*1 and (2) 49-1 mg. of a-chlornaphthalene when the 
estimation was made shortly after mixing. The method is not quite as 
satisfactory for ehlornaphthalene as for naphthalene; whether this is 
due to the chlornaphthalenc not being quite pure or to a lower quanti- 
tative efficiency in its determination was not ascertained. The results, 
however, are comparable among themselves as the tests were carried 
out in as constant a way as possible. The data obtained are given 
in Table IX and Diagram 4. They indicate that there is a slight 
loss with time, but that ehlornaphthalene is as stable in non-sterile 
soil as naphthalene in sterile soil, and while naphthalene disappears 
from “ cucumber” soil almost entirely in 77 hours, ehlornaphthalene 
shows only a comparatively slight diminution in amount in a period 
of 526 hours. 


Nephelometric method of estimation . 

Neither of the preceding methods could be regarded as suitable for 
estimating naphthalene in minute amounts. Some experiments were 
made to ascertain whether the nephelometer could be employed for this 
purpose, although these were not carried far enough to be employed 
upon naphthalened soil. It was found that by using a solution of picric 
acid containing 0*8 per cent, agar and 0-1 per cent, saponin and pouring 
in a solution of naphthalene in alcohol, the picrate of naphthalene was 
precipitated in a very finely divided form. The crystals, however, had a 
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tendency to grow or to aggregate, but this took place comparatively 
slowly. It is probable that some such method would be adaptable for 
tracing out the lower portion of the decomposition curves. 

Erosion of a crystal of naphthalene . 

An attempt was made to demonstrate the mode of attack upon a 
crystal of naphthalene. A modified Lipmann’s medium was prepared 
containing naphthalene in place of dextrose, and 1 c.c. of a soil solution 
prepared from soil in which naphthalene had already been decomposed 
was pipetted into this medium and one subculture made in the same 



Fig. 1. Erosion of naphthalene crystal (highly magnified). 


medium. A small micro-petri dish was prepared by sealing by means 
of sodium silicate a small ring on to a microscope slide, and a slightly 
larger ring was sealed to a large cover slip. Both were sterilised and a 
few particles of recrystallised naphthalene were scattered on the cover- 
slip within the ring. One drop of the second subculture was allowed to 
fall bn the naphthalene and a little melted nutrient agar was finally 
poured in, forming on cooling a thin semi-rigid film holding some of the 
naphthalene against the cover-slip; the cover-slip and ring were then 
placed over the ring on the microscope slide, allowed to stand at room 
temperature and examined microscopically each day. In three days 
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the edges of certain crystals showed very slight erosion. One of these 
was marked and after a week photographed. At the beginning of the 
experiment the edge AB was straight, but the illustration (Fig. 1) 
demonstrates that in a period of eight days it had been eroded into small 
bays. This serrating effect is probably due to unevenness in the de- 
composition of the crystal layers, which permitted attack at certain 
favourable situations along the crystal edges. In other cases erosion 
takes place more evenly but invariably bacteria were observed ex- 
hibiting strong Brownian movement in the medium close to the crystal 
edges. 

All the evidence educed in the preceding pages points to one or 
more micro-organisms being the active agents in the decomposition of 
naphthalene in the soil. The biological aspects of the work were in- 
vestigated by Gray and Thornton (i) who have demonstrated the wide 
geographical distribution of soils containing bacteria capable of using 
cyclic hydrocarbons, including naphthalene, as sources of energy. 
A number of these organisms have been isolated and described. 

Summary. 

1. The insecticidal action of naphthalene and its duration in the 
soil have been studied. 

2. When naphthalene is incorporated thoroughly with soil it shows 
a fairly potent toxic action on wireworms; uneven distribution lessens 
its efficiency as, owing to its low vapour pressure and consequent slow 
spread, it produces only a small zone of toxic action. 

3. Naphthalene is slow in toxic, action, taking three or four days to 
kill wireworms, as a consequence of which and of its repellent action to 
insects, if the chemical be unevenly distributed in the soil insects tend 
to move away from positions where toxic action would be exerted. 

4. The persistence of the toxic action depends upon the soil type. 
In soils rich in organic matter, toxicity disappears more rapidly than in 
soils less rich in organic matter. Toxicity persists longer in sterile soils 
and in sand than in unsterilised soils, and in dry than in moist soils. 

5. The rate of disappearance of naphthalene from soil has been 
determined. It depends very little upon volatilisation but almost 
entirely upon some factor inherent in the soil, which is more active in 
soils rich in organic matter than those poor in organic matter, and in 
unsterilised soils than in sterile soils. 

6. Second and third doses of naphthalene added to the soil, when 
the first has disappeared, are decomposed more rapidly than the first dose. 
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7. The bacterial numbers of the soil are at first decreased by the 
addition of naphthalene, but there is a rapid rise during the period when 
acceleration in the rate of decomposition of the naphthalene is taking 
place. All the evidence indicates that the loss of naphthalene from the 
soil is mainly due to bacterial decomposition. 

8. Experiments in sealed bottles indicate that the opening of the 
bottle and mixing of the sample expedite the disappearance of naphtha- 
lene from the soil. 

9. The toxicity of u-chlornaphthalene persists for a longer time in 
soils than naphthalene, and is decomposed at a slower rate. An ad- 
mixture of naphthalene appears to induce a more rapid disappearance 
of the toxicity of the chlornaphthalene. a-Chlornaphthalene is more 
toxic to plants than naphthalene. 

10. Methods of estimating naphthalene are described. They depend 
on formation of naphthalene picrate. Picric acid can be more readily 
titrated by alkali in orange and yellow coloured light than in white light. 

11. It was noted in several tests that the prolonged aeration of soils 
which had been heated and allowed to cool gave rise to formaldehyde. 
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Introduction. 

The use of certain species of pyrethrurn (Chrysanthemum) for insecticidal 
purposes has been known for a considerable period of time; Dalmatian, 
Persian and Caucasian insect powders consist of the ground flowers, re- 
spectively, of ( Virysanthemu m cinerariaefoli urn Trev., C. coccineum Willd., 
and C. marschallii Ascher (syn. Pyrethrurn roseum Bieb.) 1 , though there 
appears to be some doubt as to whether the two latter are distinct species. 

Chrysanthemum cineraria e folium has been grown in Dalmatia and 
Japan for a number of years and its cultivation has steadily spread to 
almost all parts of the world. Excellent accounts of the history, character 
and cultivation of this plant, with a description of some of the work 
carried out to ascertain the nature and composition of its insecticidal 
principle and means for detecting its adulteration are given in Juillet’s 

1 The Insecticide and Fungicide Board of the United States Department of Agriculture 
recognises these three species as those from which genuine insect powder is made. 
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monograph ( 5 ) and in the paper of MacDonnell, Roark and Keenan (6). 
Both of these works contain full bibliographies. It would therefore serve 
no useful purpose to refer here at any length to the literature of the 
subject, and the reader interested is referred to the above publications. 

The cultivation of pyrethrum has become a fairly extensive practice 
in many countries. It is a matter of surprise therefore to find that 
only spasmodic and half-hearted attempts to raise this valuable plant 
have been undertaken in this country. It is recognised that the economic 
possibility of growing pyrethrum will depend upon the yield, upon 
whether it can be kept free from disease and whether, under our climatic 
conditions, the crop can be harvested and dried at an economic cost. The 
present investigation was undertaken to study the growing of pyrethrum 
for a period of years in this country with particular reference to the type 
of soil most suitable for its growth, and to the possibility of the occurrence 
of variations in toxicity in the flowers grown in different localities. Other 
points requiring study were the keeping qualities, the variation, if any, 
of toxicity with size of flower-head, and whether or no any specificity of 
toxic action is shown. 

The authors wish to record their indebtedness to the authorities of 
the following Stations for their kind collaboration in growing plots of 
pyrethrum : Department of Agricultural Education, Worcester; Research 
Station, Long Ashton; Isle of Ely Demonstration Plot; University 
College, Reading; South-Eastern Agricultural College, Wye; East Mailing 
Research Station; The Horticultural College, Swanley; Royal Horti- 
cultural Society, Wisley; The Farm institute, Sparsholt, Hants; Seale 
Hayne Agricultural College, Newton Abbot; University College of Wales, 
Aberystwyth; Experimental Station, Scilly Is.. 

Experimental Cultivation of Pyrethrum. 

A preliminary report on the experimental cultivation of pyrethrum 
in England appeared in the Journal of the Ministry of Agriculture^) and 
dealt with the results of the work up to the close of 1926. The origin of 
the experiments was there described, and it will be sufficient for the 
purposes of the present paper if a brief summary of the earlier work 
be given. 

• Origin of seed . Thanks to the generosity of M. Vaystere, of the Station 
Entomologique de Paris, and of Messrs Joensson and Co., of Kobe, seed 
of pyrethrum, Chrysanthemum cinerariaefolium, both of European and 
Japanese origin, was obtained in 1924 and 1925. The European seed was 
produced at the Station Viticole at Lausanne, where experiments in the 
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cultivation of pyrethrum have been in progress for some years. The 
Japanese seed was of the standard commercial quality used for growing 
crops in Japan, where pyrethrum production has been carried out on 
a large scale for a much longer period. Two different races of pyrethrum 
were thus involved in the experiments, and, as was to be expected, 
considerable differences between them were discovered. The plants from 
the Swiss seed showed evidence of selective propagation in the relative 
uniformity both of habit of growth and of cropping, whereas the plants 
from Japanese seed were very diverse in both respects and suggested that 
no attention is given in Japan to the production of special strains of the 
plant. Although the Swiss plants were more uniform in character than the 
Japanese, they nevertheless showed considerable variation among them- 
selves, and if habit of growth should prove to be correlated with toxicity 
of flowers, the strain should be capable of much further improvement at 
the hands of the plant breeder. 

As soon as seed of the two strains was available, the kind co-operation 
of the authorities of a number of experiment stations was secured, and 
finally eleven plots of Swiss pyrethrum and nine of Japanese were planted. 
Owing to the fact that the Swiss seed was small in amount and arrived 
earlier than the Japanese, while the latter germinated badly, it was not 
possible to arrange that at each station there should be plots of both 
Japanese and Sw iss plants, but sufficient stations are growing both races 
to enable a fair comparison to be obtained. 

Soil. European accounts of pyrethrum growing invariably point out 
that the plant when growdng wild is found on the poor calcareous soils 
of the Dalmatian region, and not unnaturally its cultivation on such soils 
is usually recommended. It is less clear, however, that the range of soils 
capable of growing good pyrethrum has been sufficiently explored, and 
therefore, in initiating the present experiments, it seemed w ise to include 
a variety of soil types. In the present paper insecticidal tests are 
described with pyrethrum from different plots and the type of soil on 
these plots is briefly indicated as follows : 

Harpenden Clay with flints 

East Mailing Light loam over greensand 

Seale Hayne (Newton Abbot) ... A sticky Devonian sandstone 

Scilly Is. (St Mary’s) Light sandy granite soil 

Sparsholt Light calcareous loam 

Swanley Light thin loam on chalk 

Wye Chalk (patches of light loam) 

The above list shows that a variety of soil textures have been 
obtained, although it is probable that so far as these particular stations 
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are concerned most of them show no marked lime deficiency (with the 
possible exception of the Scilly Is. and Newton Abbot). The subject 
will be discussed further when the results of tests with the 1927 crop 
are available. 

Cultivation . Pyrethrum is a perennial which under English conditions 
requires rather more than a year before it comes into full bearing. Seed 
sowing may thus take place either in the autumn or spring, and the first 
crop will be secured in the second summer after sowing. Under Harpenden 
conditions, to which the following notes chiefly refer, the best results 
were obtained by sowing in autumn, the young plants being wintered in 
cold frames and planted out in the following spring; sowing in the open 
proved less successful, and since the plants gave little trouble in the 
seed pans or when pricked out in cold frames, it seems undesirable. 
In planting out, the French instructions were followed approximately 
and the young plants were set out at a distance of 18 in. x 18 in. By 
the following autumn the plants were beginning to touch and when the 
first crop was taken the ground was completely covered, so that small 
annual weeds were entirely suppressed and it was only necessary to 
remove by hand occasional large weeds, such as sow thistle and the 
larger grasses, which had succeeded in rising above the crop. In the 
winter there is considerable dying off of the old foliage, especially the 
outer leaves, which gives the crop a rather poor appearance at the 
end of winter, but as spring advances new shoots are developed and a 
healthy foliage is rapidly regained. It would seem that the pyrethrum 
plants are hardy under English conditions as they have withstood, 
without apparently suffering, the winters of 1925-20 and 1926-27, which 
were fairly representative; and this was the case even under very trying 
soil conditions, such as where the crop was planted in heavy wet clay. 
In regard to the duration of a plantation under English conditions, the 
oldest plot is one from Swiss seed, which was planted out in April 1925. 
Since then two harvests have been taken and in general appearance the 
plot looks good for at least another harvest. In France, a plantation is 
expected to last from eight to nine years, but it is improbable that 
so long a duration would be obtained in England. 

Harvest. Although both leaves and flower-stems contain the insecti- 
cidal principles in small quantities, it is the flower which is chiefly of 
value. There is, however, no uniformity of opinion as to the exact stage 
at which the flower should be cut. In commercial circles it has become 
the established convention to regard as good samples only those contain- 
ing flower buds in the almost closed condition. The results of certain 
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investigations in France and elsewhere suggest, however, that this 
convention is without foundation, open flowers being as toxic as almost 
closed buds. Since a considerably greater weight of crop can be obtained 
from a given area if harvest is delayed until the flowers are nearly open, 
it was considered desirable to test flowers cut at different stages, and 
details of this experiment appear elsewhere in this paper. So far as the 
majority of plots was concerned, however, an endeavour was made to 
cut flowers when the petals had fully developed but before they had 
flattened out. Local conditions — weather, labour, etc. — interfered with 
this endeavour in several cases, and as a result the samples from the 
different stations showed considerable variation — some consisting of 
almost closed buds as approved commercially and others of practically 
fully open flowers. (The experiment referred to above will show that 
except in so far as the total weight of crop is concerned this variation 
appears to be more or less immaterial.) 

Harvesting consists of cutting the flowers with a convenient length 
of stalk (about 8 in.) and then removing the flower-heads either before 
or after drying -which is carried out by exposing the crop, spread in 
a thin layer, first out-of-doors (if there should happen to be any sunshine) 
and subsequently in a ventilated building. After drying for about six 
weeks the flower-heads can be safely stored in metal bins or tins. In 
regard to yield, considerable variation is shown by the different plots, 
but it is not proposed to discuss this subject, or indeed the economic 
possibilities of pyrethrum growing, in any detail until more informa- 
tion is available. It may, however, be of interest to mention that at 
Harpenden 1 rod of Swiss pyrethrum yielded 5 lb. of dried flowers 
in 1926 and 2 lb. 12 oz. in 1927 when cropped for the second time, 
whereas in 1927 1 rod cropping for the first time gave 3 lb. 5 oz. The 
average yield of all “Swiss plots” in 1927 was 3 lb. 14 oz. per rod. 
A conservative estimate of the yield in France is given as 2 1 lb. (approxi- 
mately) per rod, and it is clear that English yields compare with this 
not unfavourably. 

Experiments with Aphis rumwis L. (Black bean aphis). 

The method used for the determination of the toxicity values of plant 
extracts to A . rum, ids has already been described (io, lJ). The essential 
features are the preparation of the extracts in a constant way, the 
preparation of the different concentrations of the extracts by dilution 
with an aqueous solution of saponin or soap, the spraying of the dilu- 
tions upon the insects under constant conditions, and the subsequent 
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classification of the effects under the headings “unaffected,” “slightly 
affected,” “moribund” and “dead.” 

A slight departure from the usual method of preparing the extracts 
was made, owing to the fact that the samples of pyrethrum flowers 
were not ground to the same condition of fineness as many of the other 
plant materials previously investigated. Instead, therefore, of soaking 
the ground flowers in absolute alcohol and filtering through muslin, the 
flowers were soaked in a known volume of alcohol for several days, with 
repeated shaking, allowed to settle and the clear supernatant liquid 
diluted. Throughout these experiments a 0-5 per cent, solution of saponin 
in water was used for dilution. 

In its effects upon Aphis rumicis , pyrethrum is in a class by itself; 
its action is extremely rapid, producing a state of profound narcosis, 
which at the higher concentrations results in death ; at lower concentra- 
tions, the narcotic action may wear off and after a period of time, which 
appears to depend upon meteorological conditions, the insects often 
partially and sometimes wholly recover from its effects. This necessitates 
examination of the insects for several days after spraying and renders 
classification under the headings “moribund” and “dead” somewhat 
difficult. It must therefore be understood that under these two headings 
are collected those sprayed insects which under the conditions of our 

Table I. 

Toxicity of pyrethrum to A. rumicis. 

(Showing recovery with time.) 

[N = not affected. S — slightly affected. M = moribund. D = apparently dead.] 
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experiments were apparently moribund or dead after being kept for 
2 or 3 days. The technique adopted does not allow of observations being 
continued much longer than this, because some of the unsprayed control 
insects then normally begin to show signs of failing. 

Some examples of experiments showing this tendency towards 
recovery (which has only been observed by us with a few materials other 
than pyrethrum) are given in Table I. 

In the subsequent tables, we have, for ease of comparison, expressed 
the moribund and dead together as a percentage of the number of insects 
sprayed, but owing to the difficulty of classification referred to, we do 
not lay stress on this figure as an accurate numerical estimate of the 
toxicities of the various extracts. The detailed figures in the tables form 
the most reliable basis of comparison. 

The observed tendency towards recovery is not a property which 
invalidates the practical use of pyrethrum. It must be taken into account 
in detailed experiments on the comparative toxicities of different 
samples; but, under practical conditions, higher concentrations than the 
minima giving 100 per cent, “moribund” and “dead” under the con- 
ditions of our experiments would be employed. As will be seen, our 
results demonstrate that pyrethrum flowers have a very high toxicity 
indeed to certain insects. 

Toxicity of pyrethrum grown at different centres . 

The air-dried samples received from the various centres were ground, 
extracted with alcohol and diluted to known concentrations (expressed 
in the tables as percentages of the plant material) and sprayed upon 
adult wingless females of A. rumicis, reared under standard conditions, 
insects of the same size and age only being used. As in previous experi- 
ments, 10 insects were sprayed at a time. Control tests were carried out 
with 0-5 per cent, aqueous solutions of saponin and dilutions of absolute 
alcohol in 0*5 per cent, aqueous solutions of saponin. Alcohol is not 
toxic at concentrations considerably higher than those used in the 
dilutions of the pyrethrum extracts. After spraying, the insects were 
kept under observation until the controls showed signs of failing. The 
results obtained with the flowers grown in 1926 at different stations are 
set out in Table II. The figures for a sample of flowers grown in Franco 
are also included, the tests in each case being carried out in 1927 (June 
to August). The moisture content of all samples tested was determined 
by drying in an electrically-heated drying oven at a temperature of 
104° C. 
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Table II. 

Toxicity of ■pyrethrum flowers grown at different stations to A. rumicis. 
(Harvest 1926: tested 1927.) 

[N — not affected. S = slightly affected. M— moribund. D = apparently dead.] 
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Inspection of Table II shows that the samples grown from Swiss seed 
at Harpenden, Wye, Sparsholt and Seale Hayne have about the same 
toxicity, failing to kill 90-100 per cent, of the insects at a concentration 
rather less than 0-2*5 per cent. The samples grown at Swanley and in 
the Scilly Isles and the sample derived from France are apparently 
somewhat more effective. This result is in all probability significant for 
these samples under the conditions of our experiments, but it is improbable 
that small differences of the order found would be detectable in practice. 
For practical purposes all the samples may be considered to have 
approximately the same toxicity to A. rumicis. 

The results obtained w T ith the flowers grown from Japanese seed at 
the various stations are also all of the same order and show them to be 
about as toxic as samples grown from Swiss seed. The Japanese flowers 
grown at Swanley appear to be slightly less effective than the Swiss 
flowers grown at that station, but again this may be true only for these 
samples and other things being equal, is hardly of practical significance. 

Samples of flowers grown at Harpenden, Scale Hayne, in the Scilly 
Isles, and in France were also tested on young larvae of the Vapourer 
Moth ( Orgyia antiqua L.) which are very sensitive to the action of 
pyrethrum extract (see p. 440). No differences between the four samples 
were detectable, all the larvae (10 in each test) being almost immediately 
killed by spraying with concentrations of 1-0, 0-5 and 0-25 per cent. 

1927 harvest. An opportunity occurred in 1927 to test flowers from 
a few of the stations shortly after harvesting. On the whole, the results 
are closely similar to those obtained for the 1920 harvest; the samples 
of Japanese flowers grown at Wye would appear to be rather more toxic 
than a sample from the same plot in 1926. The Swanley (Swiss) flowers 
again show a slightly higher toxicity than the other samples. 

Effect of stage of development of the flowers on their toxicity . 

It appears to be a common practice amongst certain buyers of 
pyrethrum flowers to prefer those in which the flower is not completely 
open, as it is said that adulteration is then more readily detected. 
J uillet (5) in his monograph (p. 110) adverts to this practice, and states 
that in commerce great importance is attached to the degree of openness 
of the flower, the “closed” buds being regarded as much more effective 
than the “half -closed,” which again are supposed to be superior to the 
open flowers. J uillet considers this view unsound and quotes Faes(2) and 
Passerini(7) as having demonstrated the “open” flowers to be superior 
to the “closed” on the one hand, and to the over-blown on the other. 

28 — 2 
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In view of the commercial importance of selecting a right time for har- 
vesting, a number of flower heads at different stages of development 
were chosen from the same rows of a bed bearing a crop of flowers grown 
from Swiss seed at Harpenden. The stages at which they were taken are 
almost identical with those shown in the frontispiece of Juillet’s mono- 
graph, except that the “closed” buds were beginning to show yellowish 
green petals. 

The stages at which the samples were taken may be described as 
follows : 

1. Closed buds. 

2. Buds beginning to show white petals. 

3. Half -open flowers. 

4. Fully open flowers. 

5. Very fully open flowers, i.e. had been fully open for some days. 

6. Over-blown flowers. 

The last two samples were taken from an adjoining bed. 

Samples 1-4 were dried at ordinary temperature in the shade ; sample 5 
was treated in three different ways to be described later; and sample G 
was dried at 50° C. in a drying room. All the samples with the exception 
of the over-blown flowers were tested on the same day. 

The results are given in Table III. 

Taking into account the difficulty of evaluating the “moribund,” the 
results obtained clearly indicate that little difference exists between the 
toxicity of the different samples, weight for weight; the differences 
observed cannot be regarded as outside the error of the experiment. The 
views of Juillet, Faes and Passerini are confirmed and there is no warrant 
for evaluating pyrethrum upon a basis of the degree of opening of the 
flowers. There are however two points of considerable importance to the 
grower disclosed by these tests. (1) The crop yields progressively 
increase in weight with the degree of opening of the flowers; thus the 
weight of the air-dried flower-heads per hundred is in the following 
order: Closed, 8*8 gm. ; slightly open, 14*0 gm.; half-open, 14*75 gm. ; 
fully open, 20*5 gm. ; very fully open, 21*6 gm. By taking the crop in the 
closed stage, there is a loss in actual yield of insecticide per unit area of 
nearly 60 per cent., and by taking in the half-closed state, of over 25 per 
cent., as compared with the yield when the crop is taken when the 
flowers are fully open 1 . (2) There is little advantage to be obtained in 
taking the flowers beyond the fully open state as the over-blown flowers 

1 The losses would not be so great under practical conditions since it is not feasible to 
harvest the crop with all the flowers at precisely the same stage of development. 
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show no superiority in toxicity; indeed, the sample dealt with by us, 
shed the disc corollae so readily that no determination of the weight of 
the dry flower-heads could be made. 


Table III. 

Effect of degree of development and method of after-treatment of 
pyrethr um flowers on toxicity to A. rumicis. 

(Grown at Harpenden from Swiss seed. Harvest 1927 .) 
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Effect of different methods of drying and after-treatment 
on the toxicity of the flowers . 

In a wet summer there might be some difficulty in drying a crop of 
'pyrethrum in the ordinary way, and a few tests were made to ascertain 
whether artificial drying could be adopted without loss of toxic pro- 
perties. Abbott’s work(i) indicates that pyrethrum flowers can be 
subjected to dry heat at 120° C. for 18 hours without any noticeable 
injury, but temperatures of 130-140° C. for the same length of time 
destroy the toxic principle. Such high temperatures are not necessary 
for commercial drying, and these results indicate that there is a con- 
siderable margin of safety. 

A large sample of fully open flowers was taken on July 19th, 1927, 
thoroughly mixed and divided into three equal portions which were 
treated in the following ways : 

(1) Dried in a drying room at 40-50° C. for 24 hours and ground 
before extraction. 

(2) Dried at ordinary temperatures, for 14 days and ground before 
extraction. 

(3) Put into 95 per cent, alcohol without drying or grinding. 

There was a loss on drying in the first two cases of 72-5-73*3 per cent., 

the dried samples on heating in an electric oven to 104° C. showing 
a further loss of 14-4 per cent, on the partially desiccated samples. 
Sample (3) was filtered through muslin and freed by pressure as far as 
possible from the extract. The filtrate was then diluted to give a con- 
centration of 10 per cent, calculated on the air-dried sample. Dilutions 
were prepared from this concentrated extract and their toxicities 
compared with extracts of similar concentrations prepared from samples 
(1) and (2). The results of this experiment, which are included in Table III, 
show that there is little or no difference between the three samples and 
that artificial drying or even direct pickling in alcohol can be employed 
after harvesting the crop without any material loss of toxic properties. 
The slightly lower toxicity values for the wet extracted sample (3) may 
be significant, but are certainly not of practical importance. They are 
probably due to incomplete extraction of the unground flower-heads 
and to the difficulty of freeing them entirely from the last traces of 
extract. On a large scale this difficulty would be readily overcome. 
It has, however, yet to be ascertained whether an extract containing so 
large an amount of water would retain its toxicity over a considerable 
period of time. It can be deduced from this experiment that difficulty 



J. C. F. Fryer, F. Tattersfield and C. T. Gimingham 435 


in air-drying need not be an insuperable objection to the growth and 
use of pyrethrum in this country. 

Toxicity of different parts of the plant. 

The results so far discussed have been in all cases concerned with the 
toxicity of the complete flower-heads, cut off from the stalk just below 
the receptacle. Comparative tests were also carried out on the stalks, 
and on the disc and ray corollae separately. These were air-dried in the 
usual way, and extracted with absolute alcohol. The values obtained 
are expressed in Table IV. It will be seen that the complete flowers were 
more than ten times as toxic as the stalks weight for weight; that the 
ray corollae were not toxic, but that the disc corollae were apparently 
rather more toxic than the stalks. The corollae are frequently shed in 
the drying process, but they are obviously of little commercial importance. 
Large quantities of stalks are however available, and if it is borne in 
mind that their toxicity is much less than that of the flowers, their use 
has some justification, provided they are treated by some suitable 
extraction process. 

Table IV. 

Toxiciti.es of different parts of pyrethrum plant to A. rumicis. 


(Grown at Harpenden from Swiss seed. Harvest 1920.) 
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Effect of exposure on the toxicity of pyrethrum . 

The data set out in Tables II and III were obtained some ten months 
after the crop had been harvested ; the material had been stored in bulk 
in covered but not air-tight drums and tins, and the samples taken for 
testing had been stored after grinding in glass-stoppered bottles. It is 
commonly stated that pyrethrum powder loses its toxicity very readily, 
and although there is evidence in the literature against this opinion, it 
seemed advisable to make further experiments on the point. 

Abbott (l) has shown that whole and ground flower-heads of pyre- 
thrum are not injured if kept in sealed fruit-jars for 150 weeks; that 
ground flower-heads in closed glass vessels had lost their toxicity in 

years; but that whole flower-heads, kept under similar conditions 
were practically unhurt, even by such prolonged storage. Further, he 
found that whole and ground flower-heads could be exposed to the 
weather in an open dish for 12 weeks, without loss of toxicity, but that 
an exposure of 21 weeks reduced their potency; on the other hand, whole 
flower-heads exposed in an open dish in a room, retained their toxicity 
for 150 weeks, and ground flower-heads for 34 weeks, but the insecticidal 
value of the latter was reduced by an exposure to similar conditions in 
136 weeks. It would appear from these results that pyrethrum under 
reasonable storage is very much more stable than is commonly supposed ; 
our data tend to substantiate these conclusions. 

Certain preliminary figures have been obtained indicating the effect 
of time on the toxicity of the flowers and stalks kept in stoppered bottles 
and upon the toxicity of the alcoholic extracts of the flowers. A sample 
of flowers grown from Swiss seed at Harpenden was harvested in July 
1926 and tested in August of that year; the results are given under A 
(Table IV). Fresh extracts were made on several occasions from June 
to August in 1927, and the average figures are set out under C. The 
figures indicate no loss of toxicity on standing, the small differences that 
appear being almost certainly due to the difficulty of distinguishing with 
accuracy between the “moribund” and “dead” insects. In 1927 an 
opportunity occurred of testing the same alcoholic extract as was tested 
in August 1926, and the figures are set out under B. The difference 
between the values given under A and B are slight and within the 
limits of experimental error for this material, and the conclusion may 
be safely drawn that, between August 1926 and June 1927, the alcoholic 
extract had shown no loss of toxicity. In order to test the losses of 
toxicity under varying conditious of exposure a number of experiments 
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was made during the early part of 1927. A sample of coarsely ground 
flowers grown from Swiss seed in Harpenden and a sample of stalks 
grown from Swiss seed were exposed in shallow Petri dishes at Rotham- 
sted in the insectary, a building which, while it afforded protection from 

Table V. 

Effect of exposure on toxicity of py rethrum to A. rumicis. 

(Grown at Harpenden from Swiss seed.) 


[N— not affected. S -.slightly affected. M = moribund. 


Treatment and length 
of exposure 
First Series 

Flowers — bottled sample 


Flowers — exposed 0 months in 
shallow dish to oj>en air 


Flowers — moistened and ex- 
posed 13 days to air satu- 
rated with moisture. Much 
fungus infection 

Flowers — moistened and ex- 
posed 2 months to air satu- 
rated with moisture (formalin 
present). No fungus 

Stalks — bottled sample 


Stalks — exposed G months in 
shallow dish to open air 

Second Series 
Flowers — bottled sample 


Flowers — moistened and dried 
in shade 

Flowers — moistened and dried 
in sun 

Flowers — moistened and dried 
at 40-50° C. 

Flowers — kept moist 6 weeks 
in shade. Much fungus 

Flowers — kept moist in open, 
exposed to sun 


Loss on 

Concentration 


li ving at 

in terms of 


104° 0. 

part of plant 

N 

o- 

o 

gm./lOO c.c. 

o/ 

/o 

14-8 

1 •0-0*5 



0-25 

— 


01 

. — 


0*05 

40 

14-3 

20 

— 


10 

10 


0*5 

— 


0-25 

50 

13-5 

2*0-1 0 

— 


0*5 

— 


0*25 

20 

15-7 

20-1*0 




0*5 

— 


0*25 

50 

12-4 

5*0 




2*5 

— 


1*0 

40 


0*5 

40 

13-5 

5*0 

— 


2*5 

00 

14-8 

0*35 

__ 


0*2 

— . 


0-1 

— 


0*05 

GO 

191 

0*25 

— 


0*1 

50 

10-9 

0*25 

— 


01 

GO 

11*4 

0*25 

— 


0*1 

10 

11*7 

0*5 

50 


0*25 

40 


0*1 

70 

129 

0*5 

— 


0*25 

— 


0*1 

60 


I) —apparently dead.] 


s 

M 

D 

M & I) 

% 

o/ 

o/ 

/o 

% 



__ 

100 

100 


30 

70 

100 

40 

20 

40 

GO 

40 

— 

20 

20 

— 

— 

100 

100 

__ 

20 

70 

90 

20 

10 

70 

80 

10 

30 

10 

40 

— 



100 

100 

10 

20 

70 

90 

20 

30 

30 

GO 



100 

100 

40 

20 

20 

40 

10 

10 

30 

40 

__ 

40 

GO 

100 

30 

30 

40 

70 

10 

20 

30 

50 

10 

20 

30 

50 

20 

80 

— 

80 

20 

20 

— 

20 



100 

100 

— 

20 

80 

100 

30 

30 

40 

70 

30 

10 

— 

10 



— 

100 

100 

— 

— 

50 

50 



10 

90 

100 

10 

30 

— 

30 





100 

100 

— 

10 

80 

90 

20 

10 

20 

30 

10 

40 

10 

50(?) 

10 

10 

10 

20 



30 

70 

100 

30 

30 

50 

80 

40 

— 

— 

— 
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rain and snow, could otherwise be regarded as giving conditions equivalent 
to the open air. The exposure continued for six months from December 
8th, 1926 to June 8th, 1927, and the samples were tested on June 9th. 
The toxicity data and the moisture contents of the samples are set out 
in Table Y together with the values given on this day by the samples 
stored in stoppered bottles. 

The results indicate some loss of toxicity under these drastic con- 
ditions of exposure, though this was less than was expected. A sample 
of Japanese flowers exposed in the same way but not tested so critically 
showed little or no loss of toxic properties. The sample of stalks exposed 
in the same way for the same length of time gave values indicating a loss 
of toxicity. 

Another sample of ground Swiss flowers was moistened and exposed 
in a shallow dish in a glass vessel, used normally as a desiccator, the 
atmosphere being kept saturated with water vapour. Within a fortnight 
a considerable growth of fungi was observed and the flowers were there- 
fore air-dried and bottled. This sample showed a loss of toxicity. Another 
moistened sample was put into the apparatus, but in this case, in order 
to prevent fungal infection, a little formaldehyde was added to the water 
standing in the desiccator; after an exposure of two months, the powder 
was air-dried and tested; it showed some loss of toxicity. Powdered 
samples were also thoroughly wetted, and then dried in the sun, in the 
shade, and artificially dried; the loss of toxic properties observed was 
not great in any of the cases. Two further drastic tests were therefore 
made; samples in flat dishes were saturated with moisture, and exposed, 
one in the shade in the insectary, and the other on the roof of the 
laboratory. The latter sample frequently became flooded and on such 
occasions was allowed to dry indoors. The sample exposed in the 
insectary was kept thoroughly moist. The exposure continued for six 
weeks, by which time a plentiful growth of fungus had taken place on 
both samples. They were then air-dried and tested ; both samples showed 
loss of toxicity, which in the case of the sample exposed in the insectary 
was considerable. Under sufficiently drastic conditions, therefore, pyre- 
thrum can be made to lose its toxicity, but it is clear that the commonly 
expressed objection to its use on the grounds of a supposed rapid loss of 
toxicity is exaggerated. Obviously, after the crop is gathered, it should 
be dried at once to an extent which will not allow of fungus growth, but 
if then stored in a reasonable manner, e.g. in well-covered bins, there is 
no reason to expect any material loss of toxicity for a considerable 
period of time. 
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These conclusions are confirmed by some experiments with larvae of 
the purple thorn moth, the results of which are given in Table VI. 

Table VI. 

Effect of exposure upon the toxicity ofpyrethrum to >S. tetralunaria (larvae). 

(Grown at Harpendcn from Swiss seed.) 

( N — not affected. S — si ightly affected. M — moribund. 1) - apparently dead. J 
(Larvae 25-30 days old.) 

Concentration 
in terms of 


Description 

part of plant 
gm./lOO c.e. 

N 

S* 

M 

D 

Flowers — -kept bottled 

2-0 



2 

1 

7 


1-0 

— 

2 

1 

7 


0-5 

— 

3 

1 

7 

Flowers — exposed in insectary 

20 

— 

2 

1 

7 

8. xii. 20-8. vi. 27 

10 

— 

3 

1 

7 


0-5 

— 

3 

— 

7 

Flowers — moistened and ex- 

2-0 





3 

7 

posed to air saturated with 

10 

— 

2 

1 

7 

moisture. Formalin present 

0-5 

— 

1 

— 

9 


* Those recorded under S fed very little and made little or no growth but remained alive. 

Toxicity of dried extracts of py rethrum. 

In Tables I-VI concentrations are expressed as percentages of the 
air-dry flowers or stalks and the results indicate that the actual poison, 
which is present only to the extent of 0*4~-0-5 per cent, of the flower-heads, 
must be extremely toxic*. McDonnell, Roark and Keenan have shown 
that petroleum ether, whilst giving a smaller total weight of extracted 
matter than the other solvents, does extract the whole of the poison. 
Our experiments substantiate this finding. Five gm. of coarsely ground 
pyrethrum flowers were extracted in a Soxhlet apparatus successively 
with petroleum ether (B.P. 40-50° C.) ordinary methylated ether 
(Sp. Gr. -720) and absolute alcohol; after the extraction was completed, 
the solvent was evaporated on the water-bath to a small bulk and then 
to dryness in vacuo. The extracts were weighed, dissolved in absolute 
alcohol, diluted and tested for their insecticidal values. The petroleum 
ether extract was completely toxic down to a concentration of 0*01 per cent. 

The extractions were done in duplicate, one being tested 14 and 
71 days after extracting, having been allowed to stand in the meantime in 
the form of a concentrated emulsion. The second extract was allowed to 
stand 85 days in a dry state before testing. Both the petroleum ether 
extracts which had been allowed to stand for some time were found less 
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toxic than the sample tested shortly after extraction, indicating some 
loss of toxicity with time. Neither the ether extract after petroleum 
ether nor the alcoholic extract after ether showed appreciable toxicities. 


Experiments with Caterpillars. 

In addition to the experiments with aphides, a limited number of 
tests were carried out with several species of lepidopterous larvae, the 
main object being to compare the degree of resistance to pyrethrum 
shown by different species. Extracts of flowers grown in Harpenden from 
Swiss seed were used. The technique adopted was similar to that used 
for aphides ; each batch of larvae was sprayed in the standard apparatus 
and then transferred to separate small cages provided with a supply of 
fresh food-plant and kept under observation for 8-10 days. The numbers 
of larvae of two of the species available were rather small, but the results 
obtained were very consistent and definite and seemed worth putting 
on record. 

Table VII. 


Toxicity of pyrethrum flowers to caterpillars of different species. 
(Grown at Harpenden from Swiss seed. Harvest 1926.) 


[N = not affected. S= slightly affected. M=moribund. D = apparently dead.] 


Species and age 

Concentration 
in terms of 
part of plant 
gm./lOO c.c. 

N 

S 

M 

D 

S. tetralunaria (Purple thorn 

2-0 

— 

— 

— 

10 

moth), 10-15 days old 

10 

— 

2 

— 

8 


0-5 

— 

2 

— 

7 


0-25 

— 

2 

— 

8 

S. tdralunaria (Purple thorn 

2*0 



2 

1 

7 

moth), 25-30 days old 

10 

— 

2 

1 

7 


0*5 

— 

3 

— 

7 

* 0 . antiqua (Vapourer moth), 

1-0 

— 

— 

— 

10 

3-4 weeks old 

0*5 

— 

— 

— 

10 


0-25 

— 

— 

— 

10 

M. brassicae (Cabbage moth). 

0'5 

10 





— 

10-12 days old 

M. brassicae (Cabbage moth), 

2-0 

7 



3 

about 15 days old 

10 

8 

. — . 

— 

2 

0-5 

10 

— 

— 

— 


0-25 

10 

— 

— 

— 

Pieris brassicae (Cabbage white 

20 







6 

butterfly), about half -grown 

1-0 

— 

— 

— 

6 


0-5 

1 

3 

— 

2 


0-25 

2 

2 

— 

2 

* Similar results were obtained 

with samples of pyrethrum from 

Newton Abbot, 

Isles of Scilly, and from France (p. 431). 
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Four species were tested— the purple thorn moth ( Selenia tetralunaria 
Hufn.), the vapourcr moth (Orgyia anliqua L.), the cabbage moth 
(Barathra (Mamestra) brassicae L.), and the large white cabbage butterfly 
(Pieris brassicae L.). The two former were bred from the egg under 
uniform and protected conditions and were completely free from para- 
sites; the others were wild larvae, collected when quite small. In all 
cases, the larvae used in the experiments were in a comparatively yo un g 
stage. The essential details and the results of the tests are given in 
Table VII. 

It will be seen at once that the four species show very different 
powers of resistance to the toxic action of pyrethrum extracts. 

The vapourer moth larvae proved to be very susceptible and all were 
killed by the spray at all concentrations down to 0*25 per cent. ; the toxic 
action was extremely rapid. 

The thorn moth larvae, which were tested at two stages of growth, 
were a little less easily killed; a small percentage survived at most 
concentrations, but these were in a semi-paralysed condition, and, 
though able to feed a little, made little growth. 

The white cabbage butterfly larvae were rather older than the other 
species tested (about half-grown) and proved somewhat more resistant 
than the vapourer and thorn moths. All were killed however at con- 
centrations of 2 and 1 per cent. At lower concentrations, four out of six 
survived, though some of these were obviously affected by the poison. 

Finally, the cabbage moth larvae, even in a very young stage, showed 
themselves highly resistant, only two or three out of ten being killed at 
concentrations of 2 and 1 per cent. Lower concentrations had apparently 
no effect whatever, the treated larvae feeding and growing normally. 

Such marked differences in the susceptibility of different species of 
insects to the action of pyrethrum have frequently been observed. 
Juillet, in chapters 14 and 19 of his monograph, discusses the toxic 
action of pyrethrum, and notes that, alt hough most insects are susceptible, 
yet there are certain species which possess high powers of resistance, and 
includes among these Barathra (Mamestra) brassicae , the cabbage moth. 

A single experiment with cabbage moth larvae was made to ascertain 
whether pyrethrum extract would have an action as a stomach poison. 
Young cabbage plants in pots were sprayed with fluids containing 
1 per cent, and 0*5 per cent, of the flowers with 0*25 per cent, soft soap, 
and after being allowed to dry, young larvae were caged on the plants. 
The larvae were apparently entirely unaffected ; they fed on the sprayed 
foliage, grew normally, and-were indistinguishable from the control larvae 



442 English-Grown Py rethrum as an Insecticide 

feeding on plants sprayed with 0-25 per cent, of soft soap only, or 
unsprayed. There was no evidence that the pyrethrum extract had any 
action as a stomach poison or as a repellent to these insects. 

Discussion. 

The data given in the experimental part of this paper confirm the 
results of other workers as to the high insecticidal value of pyrethrum 
( C . cinerariaefolium), and show that this plant can be successfully grown 
in England and harvested without loss of toxicity under our climatic 
conditions. The material raised here has about the same insecticidal value 
as samples received from abroad. The results also indicate that the crop 
can be air-dried at ordinary temperatures, or artificially dried if necessary, 
without damage, and that the air-dried flowers may be stored in covered 
vessels for considerable periods with little or no deterioration. Prolonged 
exposure to wet conditions may however lead to some loss of toxicity. 
We find no justification, so far as the toxicity of the product is concerned, 
for the opinion that it is better to harvest the crop when the flowers are 
“ half-closed” than when they are fully open. We have not however 
dealt with the bearing of this practice on the detection of subsequent 
adulteration of the dried flowers. 

McDonnell, Roark and Keenan (6) deal with this phase of the pyrethrum 
question at some length, and they have suggested microscopical and 
chemical methods for the detection of adulteration. Their chemical 
methods do not, however, depend upon the isolation or determination 
of any constituent which is directly colligative with the toxic principle 
of the plant. This indeed was impossible until the active principle was 
discovered and its constitution determined. A satisfactory method of 
comparing the toxicities of different samples of pyrethrum either directly 
by biological methods or by estimation of the toxic constituents would 
be of considerable economic importance for the selection of varieties 
with higher poison contents and for the evaluation of individual 
samples. 

The biological method used in the work described in this paper has 
proved admirably adapted for the purpose of evaluating the samples we 
have had to test, and has indeed been used for the detection of pyrethrum 
extracts in insecticidal material of unknown composition. The detection 
of major differences in toxicity between different samples has been aimed 
at in the present work, but, by using larger numbers of insects and 
concentrations nearer together, smaller differences in toxicity could 
undoubtedly be detected and estimated by this method. 
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In recent years, a considerable amount of research has been carried 
out on the chemical composition of the active principles of pyrethrum. 
In 1909, Fujitani(4) isolated a thick yellow syrup, highly toxic to insects, 
to which the name Pyrethron was given, and this material was further 
studied by Yamamoto (12); we are however chiefly indebted to the 
classical researches of Staudinger and Ruzieka(9) for our knowledge of 
the constitution of the active principles. These investigators isolated in 
a pure state two chemical compounds highly poisonous to insects, named 
by them Pyrethrin I and II, and the structure of both compounds was 
elucidated. The constitutional formulae ascribed to them are as follows: 


CH a 

(ill 

/ \ 

H 2 C Cl I . CH 2 . Cll = C ^ CH . CH 3 

O — H(J — (J — O 

/ 

c_o 

ill 

/\ 

(CH 3 ) a O — OH — OH — C(CH 3 ) 2 
Pyrothrin 1. 
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y\ 

H,0 OH .CHj.Cll — C — OH .CH 3 

O — HO — i — o 

/ 
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I 
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COO . CH, 


(OH a ) 2 C 


CH .OH =0 




\jH a 

Pyrothrin II. 


Both of these bodies are excessively toxic to insects. Pyrethrin I is 
the more active and, according to these authors, killed cockroaches at 
a dilution of 1 in 10,000 in 10 to 20 min. ; pyrethrin II was less toxic and 
required 20 to 40 min. 

Staudinger and Ruzicka ascribe the high toxicity of the pyrethrins to 
their peculiar structure as esters of trimethylene carboxylic acids with 
unsaturated side chains and a cyclopentalone derivative with an un- 
saturated side chain. Small changes in either the alcoholic or acidic 
portions of the molecule caused a profound reduction in toxic properties. 
They found between 0-2 and 0*3 per cent, of pyrethrin in the flower-heads 
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of the samples they were dealing with. The isolation of these compounds 
in a pure state is complicated and depends on the preparation of their 
semi-carbazones. 

It is evident from the work of these authors that any chemical 
method for the quantitative evaluation of pyrethrum which aims at a 
separation of the semi-carbazones of the actual insecticidal substances 
present is likely to be difficult and unsuitable for routine work. They 
themselves suggest that pyrethrin might be determined by isolating the 
semi-carbazones of the alcohol pyrethrolone but the process is not a 
simple one. 

Recently, Staudinger and Harder (8) have published an account of 
two somewhat simpler methods of estimating pyrethrin I and II, 
and found that the pyrethrin content of a number of samples of 
pyrethrum flowers ranged from 0*4 to 0*6 per cent., a higher figure 
than that obtained by the older method. The pyrethrin content of the 
stalks varied between 0*04 and 0*1 per cent. The data at present available 
indicate that the difference in the pyrethrin content of flowers and stalks 
is of the same order as the difference in the toxicity of flowers and stalks 
as determined by our biological method. Further, Staudinger and Harder 
found only insignificant differences between the pyrethrin contents of 
closed, half-open and fully open flowers, which is again in agreement 
with the results of our toxicity experiments. We hope, at a later date, 
to discuss the chemical method of Staudinger and Harder in greater 
detail and to compare the results further with those obtainable by the 
biological method. 

It would be of interest to ascertain the pyrethrin content of samples 
of genuine pyrethrum in which toxicity had been lost, as e.g . by prolonged 
exposure to wet conditions. The most probable explanation of such loss 
of toxicity is that it is due to hydrolysis of the Pyrethrin. The losses of 
toxicity in alcoholic-soap extracts of pyrethrum (Savon-pyrethre) are 
thus explained by Staudinger and Harder. Another source of loss, 
however, pointed out by these investigators, is one due to alcohol- 
radical exchanges (ester exchange) ; methyl alcohol gives rise readily to 
the methyl esters of the acids and free pyrethrolone which are not toxic, 
and though ethyl alcohol apparently reacts more slowly, it is nevertheless 
not considered by them to be suitable for technical extracts and they 
propose for the purpose indifferent organic solvents such as benzene, 
petroleum ether, trichlorethylene and acetone. Harder has shown that 
extracts of this type can be emulsified by turkey-red oil and are quite 
suitable for use in insect control. So far, in our experiments, extracts of 
pyrethrum containing 14 to 15 per cent, of moisture made with absolute 



J. C. F. Fryer, F. Tattersfield and C. T. Gimingham 445 


ethyl alcohol have retained their toxicity for many months; we have not, 
however, determined the length of time that the toxicities of extracts 
made with commercial spirit would be maintained. 

Summary. 

1. The toxicity to Aphis rumicis L. and to certain caterpillars of 
spray fluids prepared from samples of pyrethrum ( Chrysanthemum 
cinerariacf olium) grown in England from Swiss and Japanese seed have 
been quantitatively determined. 

2. Pyrethrum flowers, grown in six different localities, showed only 
slight differences, and, for practical purposes, all the samples had 
approximately the same toxicity. They did not diSer in this respect 
significantly from a sample grown on the continent. 

3. The toxicities of extracts of equal weights of pyrethrum flowers 
tested at different stages of development differed very little. 

4. Artificial drying of the flowers had no significant effect on the 
toxic properties. 

5. The flowers were about ten times as toxic as the stalks, weight 
for weight. 

6. Prolonged exposure of pyrethrum to wet conditions led to some 
loss of toxicity, but contrary to the usual opinion, if stored in a reasonable 
manner, it remained for long periods without deterioration. 

7. Caterpillars of different species showed marked differences in 
susceptibility to the action of pyrethrum. 

8. The biological method employed has proved suitable for evaluating 
samples of pyrethrum. 
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The use of fluids or dusts containing arsenic compounds for the control 
of biting insects of economic importance is attended by certain obvious 
disadvantages and a good deal of work has been done in recent years 
in the attempt to find satisfactory substitutes for “arsenicals.” In an 
interesting paper (3) Moore and Campbell give a brief account of pre- 
liminary laboratory experiments with a considerable number of com- 
pounds, both organic and inorganic, as stomach poisons. The work had 
specially in view the control of the Japanese beetle (Popillia japonica), 
but other beetles and Tent caterpillars were also used. The insects, usually 
20 in number, were placed in a cage, and sprayed or dusted foliage of 
either potted plants or freshly cut shoots in water was then introduced. 
The number of insects dead at the end of each 24-hour period was 
recorded, together with observations on the amount of feeding and on 
injury to the foliage, if any. The results were chiefly of theoretical interest, 
copper cyanide being the only non-arsenical tested which had a toxicity 
to the Japanese beetle comparable with that of lead arsenate. It caused 
no damage to foliage. Copper thiocyanate showed high toxicity to Tent 
caterpillars but was non-toxic to Japanese beetle. Hargreaves (2) has 
also tested a number of miscellaneous organic compounds. Emulsions 
of the various substances with a liquid soap were prepared, and after 
immersing leaves in 90 per cent, alcohol and allowing them to become 
nearly dry, the mixtures were applied with a brush. Larvae of Pieris 
rapae on cabbage and Spilosoma lubricipeda on lupins (5 larvae per test) 
were used, but many of the experiments were complicated by the fact 
that some of the larvae were parasitised. Salts of the dinitro-cresols, 
some naphthalene derivatives and barium and calcium fluorides are 
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recorded as having high toxicity. No reference is made to the effect of 
the chemicals on the foliage. The dinitro-cresylates are known to be 
highly injurious to many kinds of foliage (3) and therefore, although very 
toxic, they are not likely to be of practical interest as possible ingredients 
of spray-fluids for summer use. 

Among possible substitutes for arsenicals, perhaps most attention 
has been paid to compounds containing fluorine. The toxicity of sodium 
fluoride to cockroaches was investigated by Shafer (4) and it is fre- 
quently used in poison baits for these insects; more recently its possi- 
bilities as a locust poison have been pointed out by Ripley (5), who found 
that baits of grass or fresh horse dung moistened with a 2 per cent, 
solution of sodium fluoride or dusted with a 1 : 50 mixture of sodium 
fluoride and lime proved highly effective. It is less poisonous but also 
less repellent 1 to the insects than sodium arsenate. Unfortunately, 
sodium fluoride solutions, even when very dilute, cause serious damage 
to foliage and are therefore not suitable for use against leaf-eating 
insects in the form of summer spray-fluids. This objection is not shared 
to the same extent by certain silicofluorides. These compounds have 
long been known to have insecticidal and fungicidal properties, and 
Marcovitch has recently published a number of papers (6) on the efficiency 
of sodium and calcium silicofluorides, when used in the form of dusts, 
as insecticides for biting insects. Sodium silicofluoride mixed with 9 
parts of hydrated lime gave good control against the Mexican bean 
beetle (Epilachna corrupta) and other insects and can also be used alone, 
at all events on certain plants. Calcium silicofluoride is similarly effective, 
but when undiluted causes severe foliage injury; it can however ap- 
parently be safely used mixed with lime or other diluents, and dusting 
preparations of this material are now on the market. 

Roark (7) has pointed out that commercial grades of sodium silico- 
fluoride may contain some sodium carbonate, and that in the presence 
of water the silicofluoride would be decomposed by the alkali and sodium 
fluoride formed. This would cause injury to foliage. Similarly, if mixed 
with hydrated lime, sodium silicofluoride would be converted into cal- 
cium silicofluoride and then into calcium fluoride. Alkaline water or 
alkaline exudations from the plants to which the material is applied 
might also bring about formation of fluorides. Roark suggests that the 
formation of fluorides accounts, at all events to some extent, for the 
insecticidal action of silicofluorides and that the use of some of the less 

1 H. W. Thompson has, however, found that a sodium fluoride poison bait is of little 
use against “leather jackets.” (Welsh Journ. Agr. 1926, n, 228.) 
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soluble fluorides which are not injurious to foliage would result in more 
uniform insecticidal action. Marcovitch however maintains that the 
silicofluorides are more effective than relatively insoluble fluorides and 
that they can be safely used. 

More recently a report has appeared from the United States Chemical 
Warfare Service Cotton Boll Weevil Investigation, by Walker and 
Mills (S), which gives an account of laboratory and field experiments 
with a large number of substances tested as dusts against the cotton 
boll weevil (Anthonomus grandis). Ordinary commercial sodium silico- 
fluoride was found more toxic than commercial calcium arsenate volume 
for volume, but owing to its greater density two to four times the 
weight was required to cover the same area. A special form of sodium 
silicofluoride was however prepared, having a much lower density, which 
was found to be as effective weight for weight as calcium arsenate and 
which caused only negligible injury to cotton. A specially prepared 
barium silicofluoride was similarly effective. Both compounds were 
superior to calcium arsenate in adhesive power. Further field experiments 
are planned. 

Langford (0) and other workers in America have successfully used 
sodium silicofluoride as a poison in baits for grasshoppers and other 
insects. 

Quantitative data in regard to the efficiency of stomach poisons are 
not easy to obtain. Some interesting work in this direction has been 
done recently by Campbell (io) who has based a quantitative method on 
the observation that certain caterpillars will absorb completely drops 
of liquid placed on the leaf in their feeding path, if the liquid is not too 
distasteful. By suitable manipulation individual larvae can thus be 
given known doses of toxic substances, and the times of survival noted. 
A quantitative basis for u comparison of susceptibilities” can thus be 
arrived at. The silkworm is considered to be specially suitable for this 
type of work. The results so far reported deal with arsenic compounds, 
and it has been shown by this method that the susceptibility of silk- 
worms (i.e. the effects of equal doses per unit weight of animal) to arsenic 
decreases during larval development. Campbell has also used his tech- 
nique to investigate the interesting question of the possible development 
of tolerance to arsenic, and preliminary experiments show that individual 
tolerance to arsenic was not induced in silkworms by quantitative feeding 
of sublethal doses of sodium arsenate solution. 

Janisch(H) has described a method which aims at obtaining quan- 
titative data by weighing the poisoned leaves and tracing their outlines 
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on squared paper before and after the insects have fed on them and 
thus ascertaining the quantity of poison ingested. 

Van Leeuwen(i2), working on the toxicity of lead arsenate to the 
Japanese beetle (Popillia japonica), measured the area of treated foliage 
consumed and the quantity of arsenic causing death; and Newcomer (13) 
has described a technique suitable for use in laboratory experiments on 
the toxicity of stomach poisons to Codling moth larvae. 

A detailed account has also been published by Kalandadze(M) of 
experiments with arsenical dusts on several insects which are pests of 
forest trees. Large glass cylindrical jars were used as cages with the 
foliage in water in a small bottle with cotton-wool plug. In each series 
of experiments the same amount of foliage was used in each cage, 
leaves or shoots being counted, and the amount eaten at the end of the 
experiment determined, either as surface area or as number of leaves 
or needles. Larvae of Lymantria dispar , L. monacha and Bupalus 
piniarius were tested at each instar and were allowed to complete develop- 
ment if possible. The arsenic content of some of the poisoned insects 
was determined, and the excreta in each cage collected and weighed at 
the end of the experiment. Among other results it was found that the 
minimum toxic dose of arsenic increased with the age of the larvae and 
that freshly moulted individuals are more susceptible than those which 
have moulted some time. Partially poisoned larvae often recovered 
when given fresh foliage, but such recovery was sometimes only apparent, 
the larvae failing to complete development. In the case of larvae which 
received a sublethal dose of arsenic and did succeed in completing 
development, there appeared to be an ‘'after-effect” of the poison since 
eggs laid by adults arising from such larvae almost always failed to 
hatch. 

In the past few years the writers have made laboratory experiments 
on the toxicity of various substances as stomach poisons to biting insects, 
when applied to foliage as sprays. A simple technique is employed for 
these tests, and although it does not differ in principle from methods 
adopted by other workers a short description may be of interest. 

Hurricane lamp glasses are used as the separate cages required for 
each test. They are fitted with bungs at the smaller end, each bung having 
a hole bored through the middle. Shoots of the food plant of convenient 
size are cut and the foliage stripped off at the lower end so as to*give a 
long stalk. The foliage is sprayed, by means of a small bottle sprayer, 
with the liquids to be tested and the shoots suspended head downwards 
until dry; each is then placed in a lamp glass, the stalk being pushed 
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through the hole in the cork. The glasses are supported in any suitable 
manner with the stalks dipping into water; wooden trays with spaces 
between the slats are convenient, with a separate test-tube below for 
each stalk. With plants such as hawthorn, hazel, black currant, etc., 
the foliage keeps fresh for 10 days or longer, if the water is renewed as 
required. A counted number of caterpillars or other insects are placed 
in each cage and the top covered with muslin attached to an iron ring, 
which holds it in place and avoids the need for tying 1 . When very young 
larvae are used, a tight fit where the stalk of the shoot passes through 
the cork is ensured by packing with a little cotton wool. Fig. 1 shows a 
single cage containing a shoot of hawthorn, supported on a tripod, and 
Fig. 2 a dozen arranged on a tray. With cages of this type a considerable 
number of tests can be run concurrently without much trouble and at 
no great expense, and it is a simple matter to examine the insects at 
intervals, and to observe the extent of feeding and the effect of the spray- 
fluid on the foliage. At each examination the number of insects “un- 
affected,” “slightly affected,” “moribund” and “dead” are recorded; 
and in the case of larvae notes are also made in regard to their growth. 

It is advisable to carry on experiments of this type for not less than 
8 or 10 days before drawing definite conclusions. It has been observed 
by Krasilschtschik(i5) that in many cases the maximum mortality is 
not reached until about the eighth day; and this has also been our 
experience. Except in cases where the substance used renders the foliage 
very repellent, larvae which survive beyond the eighth day are usually 
capable of completing their development. Several species of lepidop- 
terous larvae, including Selenia tetralunaria , Orgyia antiqua , Abraxas 
grossulariata , and Cheimatobia brumata have been used, stocks being 
reared under as natural conditions as possible, but protected from the 
attacks of parasites. 

It is not proposed to discuss the results obtained in any detail be- 
cause there are a number of irregularities and discrepancies which will 
need much further work before they can be cleared up. A brief reference 
to the kind of results obtained with two dissimilar groups of com- 
pounds may, how r ever, serve a useful purpose. 

The silicofluorides 2 are perhaps of special interest since, as already 
mentioned, they have been recommended for use as the toxic ingredient 

1 The writers are indebted to Mr E. E. Green, through Dr A. D. Imms, for this con- 
venient means of oovering small cages. 

2 A note on some early experiments with silicoli uorides was published in Ind. Eng . 
Vketn. 1925, xvu, 923. 
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Table I. 


Silicofluorides. 


Concentration 

0/ 




Date 


in gm. per 


not af- 

0/ 

/o 


Injury to 

of 

Substance 

100 c.c. 

Larvae 

fected 

dead 

Foliage 

foliage 

Exp. 

Sodium 

10 0 b 

C. brumata 

— 

100 

Apple 

Severe 

25. v. 

silicofluoride 

0- 2b 

S. tetralunaria (young) 

— 

80 





1-0 & 0-75 

— 

100 

Hawthorn 

) Variable: 

29. v. 


0-5 & 0-25 

,, 

— 

100 

,, 

( not great 



0*5 

8. tetralunaria (older) 

— 

100 


None 

17. vi. 


0*25 

,, 

— 

40 

,, 

Slight 



0*1 


100 

— 


None 



0*5 

8. tetralunaria (young) 

— 

100 


Considerable 15. viii. 


0-25 

,, 

— 

80 

99 

Slight 



0*1 


100 

— 


Traces 



0*5 

A. grossulariata 

— 

40 

Black currant 

Some 

17. viii. 


0*25 


— 

23 


Traces 



01 

,, 

100 

— 


None 

99 

Potassium 

1*0 -0*5 

IS. tetralunaria (young) 

— 

100 

Hawthorn 

None 

29. v. 

silicofluoride 

0*25 

S. tetralunaria (older) 

— 

80 





0*5 

— 

30 

)} 


17. vi. 


0*25 


30 

10 





0*1 


100 

— 





0*5 

8. tetralunaria (young) 

— 

80 

,, 

Severe. 

15. viii. 


0*25 

,, 

— 

60 

,, 

Slight 

99 


0*5 

A. grossulariata 

— 

60 

Black currant 

None 

17. viii. 


0*25 

,, 

— 

40 

99 




0-1 

,, 

80 

20 


,, 


Aluminium 

1*0 

8. tetralunaria (young) 

— 

100 

Hawthorn 

None 

29. v. 

silicofluoride 

0-75 


— 

55 

ff 



(B.D.H.) 

0*5 

,, 

— 

40 

99 




0*25 


50 

30 





1*0 

S. tetralunaria (older) 

— . 

60 



17. vi. 


0*75 


— 

70 





0-5 


10 

40 

tt 




0*25 

S. tetralunaria (young) 

100 

— 





1*0 

— 

80 

,, 

Slight 

15. viii. 


0-5 


— 

40 

„ 

Severe 



0*25 


— 

— 





1*0 

A. grossulariata 

80 

— 

Black currant 

None 

17. viii. 


0*5 

,, 

80 

— 


Very slight 



0*25 

99 

80 

— 


None 

»> 

Aluminium* 

1-0-0*75 

8. tetralunaria (older) 

— 

100 

Hawthorn 

Traces 

17. vi. 

silicofluoride 

0*5 


— 

60 





0*25 


— 

50 

,, 

Slight 

99 


0*5 

8. tetralunaria (young) 

50 

30 


Severe 

15. viii. 


0*25 


30 

20 

>f 




0*1 

,, 

50 

— 


Considerable 



0*5 

A. grossulariata 

— 

30 

Black currant 

Very slight 

17. viii. 


0*25 

,, 

50 

— 

99 

„ 


0*1 

,, 

50 

— 

M 

Traces 


Calcium 

1*0-0*75 

8. tetralunaria (young) 

__ 

100 

Hawthorn 

Irregular 

29. v. 

silicofluoride 

0*5 

99 


100 

„ 

Very slight 

» 

- 

0*25 


50 

50 

99 




1*0-0*75 

8. tetralunaria (older) 

— 

100 

99 

Considerable 

17. vi. 


0*5 


— 

20 

99 

? traces 



0*25 


— 

40 

99 

Some 



1*0 

8. tetralunaria (young) 

100 

— 

99 

Severe 

15. viii. 


1*0 

A. grossulariata 

100 

— 

Black currant 

Some 

17. viii. 

Lead Arsenate 

1 *0-0*5 

8. tetralunaria (young) 

— 

100 

Hawthorn 

None 

29. v. 

Controls 


99 

100 

— 

n 

— 

tt 



99 

100 

— 

ff 



15. viii* 



8. tetralunaria (older) 

95 

5 

99 

— 

17. vi. 



A. grossulariata 

100 

— 

Black currant 

— 

17. viii. 


* Precipitated from aluminium sulphate using a slight excess of sodium silicofluoride. 
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of dusting preparations. Used as spray-fluids in solution or suspension 
in a 1 per cent, solution of saponin, we have found the silicofluorides of 
sodium, potassium, calcium and aluminium to have considerable toxicity 
as stomach poisons to young larvae of several species of moths ; but the 
power of resistance varies with the different species and is markedly 
greater with older larvae. In regard to injury to foliage the results 
were extremely variable and difficult to interpret; the extent of injury 
not only differed with different plants but also with the same plant on 
different occasions. The observations indicate that, with hawthorn, the 
foliage is more sensitive to injury by silicofluorides in the latter part of 
the summer than in May or June. 

Table I gives some examples of the kind of data obtained. 

It is evident that, in spite of the considerable toxicity of various 
silicofluorides, they cannot be suggested at the present stage even for 
larger scale field experiments as sprays for use on foliage. There are some 
conditions under which these compounds appear to cause little or no 
damage to foliage, but a much more extensive series of laboratory 
experiments than it has been possible to make at present is required to 
establish these conditions. 

Results of a quite different kind were given by the use of extracts 
of certain tropical leguminous plants known to have a high toxicity as 
contact insecticides (10). In this case the question of risk of injury to 
foliage does not arise; the extracts are quite harmless to plants. The 
outstanding fact shown by the experiments with these materials was 
their extremely repellent action. Foliage sprayed with extracts of these 
plants even at high dilutions remained untouched by the larvae in almost 
every case; rather than eat it, the larvae eventually died of starvation. 
Details of some tests with Tephrosia vogelii , T . toxicaria and T. macropoda , 
and with Black and White Haiari (species of Lonchocarpus from British 
Guiana) are given in Table II. 

The possible practical value of repellents in combating leaf-eating 
insects has been little worked on; it might be considerable in special 
cases and would seem worth following up. 

Results from the type of experiments discussed indicate a marked 
degree of specificity in the resistance of insects to stomach poisons and 
in the action of different substances upon foliage. They call for a more 
quantitative investigation of the whole subject. 

F. L. Campbell (17) has recently put forward a plea for the develop- 
ment of laboratory research on the effects of poisons on insects on strictly 
quantitative lines, and his work on quantitative methods for the in- 
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Table II. 

Extracts of some tropical plants . 

(N = not affected: S = slightly affected: M = moribund: D = dead.) 

Concen- 
tration 
expressed 
as ° 0 of 



plant 


N 

s 

M 

I) 


Extract of 

material 

Larvae on hawthorn 

0/ 

/o 

0/ 

/o 

0/ 

/o 

% 

Feeding 

Tephrosia 

Vogelii 

20 

1-0 

O. antiqua (half grown) 

»> 

— 

90 

90 

— 

10 

10 

Practically none: starved 

*9 99 

(loaves) 

0-75 

,, 

— 

70 

20 

10 

Very little: slight growth 

0-5 

>» 

10 

90 

— 

— 

Black 

10 

tt 

— 

20 

60 

20 

Practically none: starved 

Haiari 

0-75 

>» 

— 

80 

20 

— 

Very little: starvod 

(stems) 

0*5 

,, 

— 

80 

20 

— 

0-25 

>> 

10 

50 

40 

— 

Considerable 

Black 

1-0 


— 

70 

30 

— 

Practically none : starved 

Haiari 

0-75 

,, 

— 

100 

— 

— 

(roots) 

0-5 


— 

80 

20 

— 

>t tt 

0-25 

99 

20 

GO 

20 

-- 

Considerable 

White 

1*0 


20 

80 



— 

Evident, but less than normal 

Haiari 

0*75 

ft 

30 

70 

— 

— 


(stems) 

0*5 


50 

50 

— 

— 

it tt 


0*25 

„ 

100 

— 

*— 

— 

Normal 

White 

1*0 




90 

10 



Very little : starved 

Haiari 

0-75 

tt 

— 

80 

— 

20 

(roots) 

0-5 

}» 

— 

100 

— 

— 

Little 


0*25 

>> 

70 

30 

— 


Considerable 

Controls 

— 


100 







Normal 


__ 


100 

— 

— 

— 



— 


100 

— 

__ 

— 

„ 

Tephrosia 

20 

ti. tetralunaria (young) 

— 

— 

— 

100 

None: starved 

Vogelii 

1*0 

— 

— 

— 

100 


(leaves) 

0-5 

,, 

— 

— 

20 

80 

Evident, but less than normal 


0*25 

tt 

— 

100 

— 

— 

Black 

2-0 

ft 







100 

None: starved 

Haiari 

1*0 

tf 

__ 

— 

— 

100 


(stems) 

0*5 

t> 

— 

— 

50 

50 



0 25 

u 

— 

90 

— 

10 

Borne: slight growth 

Black 

10 


— 





100 

None: starved 

Haiari 

0-5 

ft 

__ 

— 

— 

100 

Very little: starved 

(roots) 

025 

tt 

— 

60 

— 

40 

tt tt 

White 

1*0 








100 

None: starved 

Haiari 

0-5 


— 

— 

— 

100 

tt 

Very little: starved 

(stems) 

0*25 

tt 

— 

80 

— 

20 

White 

1*0 

tt 







100 

None: starved 

Haiari 

0-5 

tt 







100 


(roots) 

0*25 

ft 

— 

— 

40 

60 

tt 

Controls 

0*25 % soap 

tt 

100 

— 

— 

— 

Normal: good growth 


„ 

tt 

100 

— 

— , 

— 

tt a 


Unsprayed 

ft 

100 

— 

— 

— 

99 
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(N= not affected: S = slightly affected : M= moribund: D=dead.) 

Concen- 

tration 

expressed 


a 

D /Q 

plant 


N 

s 

M 

I) 


Extract of material 

Larvae on hawthorn 

0 ' 

,0 

O' 

0 

,0 

0 

Feeding 

White 

10 

C. brumata (young) 







100 


Haiari (stems) 

0*5 


— 

— 

— 

100 


White 

1-0 


__ 



100 


Haiari (roots) 

0-5 

>» 

— 

— 

— 

100 


Black 

1-0 




__ 

__ 

100 


Haiari (stems) 

Of) 

>> 

- 

— 

— 

100 


Black 

10 

>> 





__ 

100 


Haiari (roots) 

O' 5 

*» 

— 





100 


Tephrosia 

10 

»> 

_ 



100 

> None* 

Vogelii (leaves) 

0-5 

it 

- 

— 

— 

100 


Tephrosia 

1-0 

» 

— 

— 



100 


Toxicana (roots) 0-5 

»> 

— 

— 

— 

100 


Tephrosia 

10 

ft 





. 

100 


Macropoda (stems) 0-5 

tt 

— 

— 

10 

90 


Tephrosia 

10 

tt 







100 


Macropoda(roots)0'5 

tt 

— 

— 

— 

100 


Controls 0-25 % soap 

tt 

100 

— 

— 

— Normal: larvae pupated 

Unspray ea 

rt 

100 



— 

— 

ft 

Black 

10 

T. gothica ( 10-14 days old) 

— 

100 

— 

— Appreciable feeding but very 

Haiari (stems) 







little growth 


0-5 

tt ft 

— 

100 

— 

— Appreciable feeding and some 








growth, but less than normal 

Controls 0-25 % soap 


100 







formal 

Unsprayed 

tt tt 

100 

— 

— 

— 

„ 


* Results were identical on apple and hawthorn. Strong repellent action in all cases 
so that larvae died of starvation. 0*25 % soap was used with all the extracts. 


vestigation of stomach poisons has already been referred to. We have 
long been convinced that the quantitative method of approach to the 
problems of insecticides and insecticidal action is the only one likely 
to lead to further advances of economic importance, and we have for 
some years been engaged on the study of contact insecticides from a 
quantitative point of view. Our experience in regard to work with stomach 
poisons is less extensive, but the results discussed serve to emphasize 
the need for a knowledge of insect toxicology (to use Campbell’s term) 
on a systematic quantitative basis. 
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Summary. 

1. A convenient technique for experiments with insecticides for 
biting insects is described. 

2. The silicofluorides of sodium, potassium, aluminium and calcium, 
used in the form of spray-fluids, showed considerable toxicity to young 
larvae of several species of moths. The degree of resistance varies with 
different species and is greater with older larvae. Considerable, but 
irregular, injury to foliage was noted, and much further work is required 
to establish the conditions under which these compounds could be 
safely used. 

3. Foliage sprayed with extracts of certain tropical plants is ex- 
tremely repellent to young larvae. Even with high dilutions of the 
extracts, the foliage remained uneaten and the larvae eventually died 
of starvation. 

4. A short review of some recent work on laboratory experiments 
with non-arsenical insecticides for biting insects is given. 
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Introduction. 

Certain varieties of Pyrethrum, chiefly those derived from Persia and 
the Near East, have been employed for at least a century as household 
insecticides. The use of one of these, Chrysanthemum cinerariaefolium, 
for household and horticultural purposes has spread from Dalmatia, 
where it appears to have been first* extensively grown, to all parts of 
the world; its cultivation is now widely practised particularly in 
Japan, France and Switzerland. Its further cultivation in temperate 

1 F. T. and R. P. H. were responsible for the chemical, C. T. G. for the entomological 
side of this investigation. The spray trials were done oon jointly. 
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countries is limited only by the price of labour and the cost involved 
in harvesting the flower-heads which on account of their higher insecti- 
cidal value are usually separated from the leaf and stalk. In a paper 
already published (l) it has been demonstrated that C. cinerariaefolium , 
can be grown in England and that the toxicity of the English-grown 
flowers is equal to that of the material grown abroad. There are, how- 
ever, several problems that await solution. The area under cultivation 
might perhaps be extended if flowers of higher poison content could 
be produced by systematic plant breeding, as this would lower the 
cost of production per toxic unit. The relationship between methods of 
cultivation and manuring and toxic content would also repay investiga- 
tion. In this connection it has been recently suspected ( 3 ) that under 
continued artificial cultivation there may be a gradual lowering of the 
content of poison, leading to loss of value and to the necessity for more 
frequent replanting. Owing also to the expansion in the general use of 
pyrethrum, methods of rapidly standardising the product are urgently 
required. 

In order to facilitate the study of these problems, a fairly rapid 
method of evaluation has become necessary. Two methods suggest 
themselves, (1) a direct biological determination by testing the effect 
produced upon suitable insects, and (2) a determination of the toxic 
constituents by chemical analysis. A suitable biological method for 
determination of insecticidal values has already been described (10) and 
has been extensively employed in this and other insecticide investigations. 
The objection to this method in the present case is that it requires 
considerable technical experience to employ with precision, and the 
harvesting of C. cinerariaefolium in July leaves very little time in this 
country for biological tests, before colder weather makes it difficult to 
rear suitable insects in sufficient quantity for adequate trials. A chemical 
method is therefore desirable. 

The present paper deals with a study of two methods of chemical 
analysis and the results obtained are as far as possible compared with 
a series of biological tests carried out on the same material. In order to 
obtain a more complete check and to investigate in detail the analytical 
procedure, the toxic principles have been isolated in a pure state and 
their insecticidal values determined. 

Our knowledge of the constitution of the toxic principles of Pyrethrum is 
mainly due to the classical researches of Staudinger and Ruzicka(8«) who 
isolated them in a pure state, established their structure, and determined 
the relative importance of the two constituents in contributing to the 

18-2 
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toxicity of the flowers. They gave them the names of Pyrethrin I and 
II and ascribed to them the following formulae : 


CHo 

tu 

. CH, . CH = C = CH . CH, 


O— HC— C=0 
< 1-0 
u 

(CH,),^-— — CH =C (CH,), 
Pyrethrin I 


(Ijh 

Hjd^H . CH, . CH = C = CH . CH, 

o— fib— d=o 

<U 

in 

A /000CH, 

■ ch=c \ch, 

Pyrethrin II 


Pyrethrin I is therefore an ester of a monocarboxylic acid containing 
an unsaturated side-chain and a trimethylene ring, and a cyclopentalone 
derivative with an unsaturated side-chain (pyrethrolone). In pyre- 
thrin II the monocarboxylic acid is replaced by the methyl ester of a 
dicarboxylic acid of a very similar structure. 

Staudinger and Ruzicka(8&) ascribe the toxic properties of these 
compounds to their peculiar structure, small changes in this respect 
being sufficient to eliminate their insecticidal action. They showed that 
neither the alcoholic nor the acidic portions of the molecule were in- 
secticidal. 

Preparation of the pyrethrins. 


The pyrethrins were isolated by us by the method of Staudinger 
and Ruzicka ( loc . cit.). This process involves extraction with petroleum 
ether, a preliminary purification of the extract by means of methyl 
alcohol in the cold, and the removal of fatty and resin acids by shaking 
out a petroleum ether solution with alkali. From the oleo-resin thus 
obtained the pyrethrins are condensed with semicarbazide in the cold. 
The subsequent hydrolysis of the semicarbazone with methyl alcoholic 
soda splits off the acids, and the semicarbazone of pyrethrolone separates. 
After recrystallisation the latter is converted to pyrethrolone by mild 
acid hydrolysis with potassium hydrogen sulphate. The acids are 
separated by steam distillation, and the volatile acid (monocarboxylic) 
purified by distillation in vacuo . The dicarboxylic acid, isolated from the 
residue by extraction with ether, is purified by means of its crystalline 
chloroform compound and partially methylated. The monocarboxylic 
acid and the monomethyl ester of the dicarboxylic acid are then con- 
verted to the acid chlorides by the action of thionyl chloride, and after 
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distillation in vacuo condensed with pyrethrolone in the presence of 
quinoline to pyrethrin I and II. 

Pyrethrin I was distilled in vacuo and boiled at 145° C. at 0*05 mm. 
pressure. Pyrethrin II was not distilled, as it decomposes readily at 
high temperatures, but was purified by solution in low boiling-point 
petroleum ether and subsequent cooling in a freezing mixture, which 
removed a small amount of resinous matter. 

Toxicity tests with pyrethrins I and II. 

The method employed for the determination of contact insecticidal 
values has already been described(io, ii) but may be briefly summarised 
here. Aphis rumicis L. (the Black Bean Aphis) has been used as the 
chief test insect, and large numbers are specially reared for the experi- 
ments. In order to standardise the conditions as far as possible, only 
insects at a certain stage of development (adult wingless females) are 
taken for the tests, and as the result of considerable experience, succes- 
sive generations of the aphides at this stage can be obtained during the 
summer months, which show little individual variation in resistance as 
judged by the results of many duplicate experiments. Care is taken to 
rear the insects under uniform conditions, and they are protected from 
risk of attack by parasites. The spraying apparatus used(iO) is designed 
to give percentage mortality figures under strictly controlled and constant 
conditions with regard to the amount of liquid sprayed, the pressure 
employed to produce the spray (15 lb. per sq. in.), and the length of 
time of contact. A large number of tests can be carried out rapidly, and 
by testing each compound at a number of concentrations, it is possible 
to draw diagrammatic curves from the results, plotting percentage 
mortality against concentration, and thus to obtain a convenient means 
of comparing toxicities. 

In making up the mixtures for spraying, small amounts of the 
pyrethrins were weighed out, dissolved in a little alcohol in a graduated 
flask and diluted with a 0-5 per cent, aqueous solution of saponin to 
assist spreading and wetting, both compounds being thus obtained at 
known concentrations and in a very finely distributed condition. Dilu- 
tions were made with 0*5 per cent, saponin solution. Control experi- 
ments, many times repeated, have shown that 0*5 per cent, or 1*0 per 
cent, solutions of saponin are without toxicity to A . rumicis . 

After spraying, the insects were placed within reach of fresh bean 
foliage and were examined and classified on the two following days. 
At each examination counts were made under four headings: “un- 
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affected,” “slightly affected,” “moribund,” and “apparently dead,” and 
the results are recorded thus in Table I. 

Table I. Toxicities of Pyrethrin I and II to A. rumicis. 

(N = not affected, S = slightly affected, M = moribund, D = apparently dead. ) 
Marks allowed for each concentration ={JS % + JM % + D %). 


No. Concentra- 



of tion in 

tests gm./100 c.c. 

N 

% 

S 

0/ 

/o 

M 

0/ 

/o 

D 

% 

M and D 
0/ 

/o 

Marks 

Pyrethrin I 

2 

005 

— 

— 

— 

100 

100 

100 

(not dis- 

2 

0025 

— 

— 

— 

100 

100 

100 

tilled) 

2 

0*01 

— 

— 

— 

100 

100 

100 

3 

0 005 

— 

— 

— 

100 

100 

100 


3 

00025 

— 

— 

27 

73 

100 

86*5 


2 

0*001 

6 

10 

70 

15 

86 

52*5 


2 

0 0005 

55 

25 

10 

10 

20 

21 


1 

000025 

70 

30 

— 

— 

0 

7*5 

Pyrethrin I 

1 

0*05 



— 

— 

100 • 

100 

100 

(after dis- 

1 

0*025 

— 

— 

— 

100 

100 

100 

tillation in 

1 

001 

— 

— 

— 

100 

100 

100 

vacuo) 

2 

0 005 

— 

— 

20 

80 

100 

90 

2 

0*0025 

— 

— 

25 

75 

100 

87*5 


1 

0*001 

— 

30 

70 

— 

70 

42*5 


1 

0*0005 

70 

20 

— 

10 

10 

15 

Pyrethrin II 

1 

0*05 





50 

50 

100 

75 

3 

0*025 

— 

7 

50 

43 

93 

70 


3 

0*01 

10 

6*5 

67 

16 *5 

83*5 

51*5 


4 

0*005 

30 

22-5 

27*5 

20 

47*5 

39 


3 

0*0025 

53*5 

20 

— 

26*5 

26*5 

31*5 


Pyrethrolone Not toxic at a concentration of 0-2 gm. per 100 c.c. 

The monocarboxylic acid „ „ „ „ 

The dicarboxylic acid ... „ „ „ „ 


For purposes of diagrammatic representation we have used two 
methods of evaluating these classes. In the first method (a) we have 
expressed the moribund and dead together as a percentage of the total 
number of insects sprayed at each concentration. In the second method 
(6) we have awarded at each concentration arbitrary valuations or 
marks by adding to the percentage of dead half the percentage of 
moribund and a quarter of the percentage of the slightly affected. This 
method of treatment may be a slight understatement of the values at the 
higher concentrations. In both methods of computation, the values at 
the lowest concentrations are only approximate. Those values ranging 
between 90-40 per cent, are of greatest importance for purposes of 
comparison. 

The results are shown in Diagrams 1 a and 1 6, in which the values 
given by both methods of computation are plotted against the concen- 
trations in grammes per 100 c.c. In the case of pyrethrin I, the scale is 



F. Tattersfield, R P. Hobson and C. T. Gimingham 271 

ten times that used for pyrethrin II, this procedure enabling the results 
to be expressed in an area of reasonable dimensions. 

An inspection of Table I and Diagrams 1 a and 1 6, shows that Pyre- 
thrin I is many times more toxic than pyrethrin II, to Aphis rumicis . 



Staudinger and Ruzicka (Be) found that to cockroaches pyrethrin I was 
the more toxic and they express the opinion that the insecticidal effect 
of pyrethrum is almost wholly due to pyrethrin I. 

In view of the method of synthesising pyrethrin II, from pyrethrolone 
and the dicarboxylic acid, there is the possibility that a certain amount 
of an isomer may be present in the product, which may result in a loss 
of toxicity. Later work on extracts of the flower-heads to be described 
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below, indicates, however, that except at higher concentrations, the 
toxicity of the pyrethrum can be closely correlated with its content of 
pyrethrin I, thus confirming the lower toxicity of pyrethrin II. 



Py"n -005 -01 025 -05 

Concentration in gm./100 o.o. 

Diagram 1 b. Toxicifcies of pyrethrin I and II to A* rumicis. 

Toxicities evaluated by marks. 

Pyrethrin I possesses a higher insecticidal value by contact than any 
compound tested by us; the only substance whioh in our experience 
approaches it in toxicity is rotenone (tubatoxin), the characteristic con- 
stituent of the fish-poison, Derris ( Deguelia elliptica) and of White and 
Black Haiari ( Lonchocarpus spp.). Calculated from the amount of spray 
falling on an individual aphis of the size used in our experiments, the 
lethal dose is approximately 3 x 10“* to 6 x 10~ 6 gm. of pyrethrin I, 
and of this only a small fraction comes into effect. 
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Pyrethrin II is of a lower order of toxicity than pyrethrin I, but 
none the less is an exceedingly toxic substance, ranking higher than 
nicotine in this respect. 

The constituent parts of the pyrethrins were not found toxic at any 
concentrations tested, pyrethrolone, and the mono- and dicarboxylic acids 
having negligible effects. The toxicity of both compounds is, therefore, 
due to some critical make-up of the pyrethrin molecule taken as a whole. 

Methods of estimation of, the pyrethrins. 

The drawbacks to the biological method of evaluating pyrethrum, 
lie in the facts that it is somewhat difficult to obtain a satisfactory supply 
of suitable insects throughout the year, that it requires biological equip- 
ment for breeding and rearing insects in a condition suitable for the 
work, and that the technique requires time and special training for its 
proper application. Although a biological method will probably remain 
the final court of appeal in evaluating such an insecticide, it is never- 
theless true that a chemical method, provided it is sufficiently rapid and 
accurate, is urgently needed. For plant-breeding purposes it should 
prove invaluable, if from time to time it were backed up by direct tests 
on insects. The biological method used by us only calls for small quantities 
of material, which is also a sine qua non in the case of an analytical process 
applied to purposes of plant breeding. 

Staudinger and Harder ( 9 ) have published an account of two chemical 
methods, which may be described as (a) the acid, and (b) the semi- 
carbazone method. We have undertaken a critical study of both with the 
object of making them shorter and of reducing the amount of material 
required for the analyses. 

The add method . 

Staudinger and Harder ( 9 ) extracted 500 gm. of the powder with 
low-boiling petroleum ether, and after evaporating off the solvent 
extracted the residue with methyl alcohol. Ten per cent, of water was 
added, and after cooling in a freezing mixture the precipitate of resins 
and fats was filtered off. The filtrate was then hydrolysed with an excess 
of methyl alcoholic soda, the methyl alcohol taken off in partial vacuum 
and the residue extracted with ether. The mixture was then acidified 
and distilled in steam for two hours, the distillate being titrated with 
jV/10 soda. Harder (2), however, recommends the separation of the 
monocarboxylic acid from the distillate by extraction with petroleum 
ether, and titrating after evaporating the volatile solvent. From the 
value for the acid the pyrethrin I content was calculated. 
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l Pyrethrin II was determined in the residue after steam distillation, 
which after clearing with animal charcoal was extracted with methylated 
ether in a Kutscher-Steudel apparatus, the extract being afterwards 
evaporated and titrated. This gave a value for the dicarboxylic acid 
from which the pyrethrin II content was calculated. 

We have attempted to adapt this method for use with very much 
smaller quantities of material, and for each analysis have used 10 gm. 
of flowers or 50-100 gm. of stalk. 

For an examination of eadh stage of the analysis an exceptionally 
toxic sample of the flowers was chosen. Four lots of 10 gm. were 
completely extracted with petroleum ether and the solvent was taken 
down in a strong current of C0 2 , the last traces being eliminated by 
evacuation in a desiccator. The residues were subjected to the following 
treatments : 

1. The extracts obtained by gentle warming with four lots of 2-5 c.c. 
of methyl alcohol (purified over caustic soda), were collected in a centri- 
fuge tube, cooled in ice and salt, and centrifuged clear; 10 per cent, of 
water by volume was added and after cooling in ice and salt, the extract 
was again centrifuged. The supernatant liquid was poured off from the 
residue into a 100 c.c. long-necked flask, and the washings of the residue 
added (two lots of 2 c.c. of alcohol containing 10 per cent, of water). 
The pyrethrins were estimated by saponification and determination of 
the volatile and water-soluble acids. 

2. Extracted with four lots of 2-5 c.c. of methyl alcohol containing 
10 per cent, of water, cooled in ice and salt one hour and centrifuged clear. 
Treatment then as 1. 

3. As 2, but cooling in ice omitted. 

4. Extracted with absolute methyl alcohol, cooled under the tap 
and filtered through a small wad of fat-free cotton wool. Hydrolysis 
and the remainder of the treatment was afterwards as in 1. 

The results were as follows : 

Pyrethrin I (%) (1) 0*57 (2) 0*56 (3) 0*56 (4) 0*59 

„ II (%) 0*47 0-49 0-49 0-57 

The total residues from 1 were examined further by extraction with 
'alcohol containing 10 per cent, of water and found to contain 0*02 per 
cent, pyrethrin I and 0*04 per cent, pyrethrin II. 

The values for pyrethrin I are in substantial concordance and, 
although that of pyrethrin II in (4) is higher than in the other cases, 
there is obviously some risk of loss by adsorption by the flocculent pre- 
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cipitates produced on adding water to the methyl alcohol extracts. As, 
moreover, pyrethrin II contributes only in a minor degree to the toxicity 
of pyrethrum, we have preferred to use pure methyl alcohol for extrac- 
tion and have omitted the addition of water. This procedure obviates 
the risk of loss by frothing when the methyl alcohol is taken off in vacuo , 
and shortens and simplifies the process materially. 

Tests were made on various samples, to ascertain the effect of omitting 
the extraction with methylated ether after hydrolysis, with the following 
results : 

Origin of sample 
Flowers 

Swanley ... (1927) 

Wye (1927) 

Harpenden ... (1928) 

Harpenden stalk (1928) 

The differences between the results are small and within the experi- 
mental error, and although most of our tabulated results have been 
obtained after methylated ether extraction after saponification, this 
process does not appear to serve any very useful purpose. 

The determination of the monocarboxylic add and pyrethrin /. On 
distilling in steam a sample of pyrethrum extract treated as above, the 
distillate is acid even after prolonged distillation; one sample (10 gm.) 
gave the following figures in c.c. for the titration with NJbO soda for 
each 20 c.c. of distillate : 

(1) 5-72, (2) 1*6, (3) 1*15, (4) 0*64, (5) 0*51, (6) 0-37. 

When an amount of the pure acid equivalent to 10 gm. of a rich sample 
of pyrethrum is distilled in the same way, 95 per cent, comes over in the 
first 20 c.c. and practically the whole is recovered in 40 c.c. of distillate. 
In the case of pyrethrum ^tracts, therefore, only a portion of the acid 
in the distillate is the monocarboxylic acid. 

It was considered by us for some time that examination of the dis- 
tillation curve would yield some method of differentiating between the 
acid associated with pyrethrin I and the other volatile acids in the 
distillate, but it was found, particularly with a micro-method, that the 
process could not be controlled with sufficient accuracy to yield data of 
value on this point. We have therefore employed extraction with low 
boiling petroleum ether to effect a separation of the monocarboxylic 
acid. We have found that the pure acid in an amount equivalent to 
that present in our determinations, distributes itself between petroleum 


Extracted Not extraoted 


Py. i % 

0-41 

0-37 

0-59 

0-58 

0-028 


Py. II % 

0-47 

0-34 

0-67 

0-70 

0-033 


Py. I % 

0-41 

0-35 

0-59 


Py. II % 

0-46 

0-32 

0-73 


0-031 0034 
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ether and water in the ratio of 15 to 1. The repeated extraction of one 
of the distillates from pyrethrum with an equal volume of petroleum 
ether gave the following titration figures after evaporation of the solvent : 

1st extract required 8-8 c.c. Nj 50 soda. 


2nd 

99 

0-4 

99 

3rd 

99 

01 

99 

4th 

99 

01 

99 


These figures show that this method separates the monocarboxylic 
acid quantitatively, and we have therefore extracted the first 50 c.c. of 
the distillate twice with an equal volume of petroleum ether and sub- 
tracted a blank of 0-2 c.c., as 0-1 c.c. appears to be a constant blank for 
each extraction. Relatively large amounts of acid insoluble in petroleum 
ether are present in the distillate; the values obtained with a number of 
samples of pyrethrum flowers when the distillates were extracted with 
petroleum ether and titrated with Nj 50 caustic soda gave the following 
results in c.c. : 

Acid soluble in petroleum ether (1) 6*25 (2) 5*78 (3) 5*96 (4) 6*86 
Acid insoluble in petroleum ether 8*95 8*8 6-75 7*2 

It is therefore evident that there is no obvious relationship between 
the titration value of the gross distillate and the amount of the mono- 
carboxylic acid present. 

The determination of the dicarboxylic acid and pyrethrin II. The 
dicarboxylic acid is left in solution in the distillation flask. We have 
shown with the pure acid that prolonged distillation in steam does not 
lead to any loss. It has therefore been our practice after collecting the 
first 50 c.c. containing the monocarboxylic acid to continue the steam 
distillation for another 100 c.c. ; this leads to an aggregation of the resinous 
particles and facilitates subsequent filtration. Staudinger and Harder 
used animal charcoal followed by filtration for the purpose of clearing 
the solution. Our experience has been that tms leads to loss of the dicar- 
boxylic acid, and if a sufficient quantity of charcoal is used to its com- 
plete adsorption. We have therefore added, instead, 0*2 gm. of pure 
calcium sulphate to the hot liquid in the flask, which is allowed to stand 
overnight to cool. The calcium sulphate crystallises on cooling, and 
1 blears the liquid. We have shown that calcium sulphate neither adsorbs 
nor combines with the acid. After this treatment the filtered solution is 
extracted with methylated ether and the dicarboxylic acid in the extract 
titrated with Nj 50 soda. 

For the extraction with methylated ether we have used an automatic 
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extractor. The apparatus, which is shown in Fig. I 1 , presents little 
difficulty in making; it is only necessary to mention that the internal 
tube has a small pellet of glass sealed on at the bottom to prevent the 



stoppage of the flow of ether, that the hole at the bottom should be 
constricted to give a fine stream of bubbles, but should not be so small 
as to become clogged by the deposition of calcium sulphate which takes 
1 The scale of the figttre is from one quarter to one fifth actual size. 
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place as the solution becomes saturated with ether. The ether is boiled 
in the conical flask and on condensing flows through the inner tube 
and returns after percolating the aqueous layer. 

Description of add method . The procedure finally adopted in the 
acid method is therefore as follows : 

Ten gm. of the ground flower-heads or 50 gm. of the stalk are ex- 
tracted by low boiling-point petroleum ether (b.d.h. a.r., boiling range 
below 40° C.) in a Soxhlet extractor heated over a carbon filament 
lamp; when extraction is complete, the petroleum ether is evaporated 
to a small bulk in a rapid current of C0 2 with very gentle warming, the 
evaporation being completed in a vacuum desiccator. The residue is 
extracted successively with four (or in the case of the stalk, six) lots of 
2*5 c.c. of absolute methyl alcohol 1 (free from acid) with gentle warming 
on a water-bath; each extraction is cooled under the tap, filtered through 
a small wad of fat-free cotton wool into a long-necked flask of 100 c.c. 
capacity, the extraction flask being finally rinsed with 2*5 c.c. of cold 
methyl alcohol. The clear solution is treated with 4 c.c. of Nj 1 caustic 
soda in methyl alcohol and boiled under a reflux condenser for six to 
eight hours after which the methyl alcohol is taken off in partial vacuum 
with -gentle warming; a right-angled tube connection to the condenser 
is used to stop the spray from being carried over. The temperature should 
not be allowed to rise so high that the alcohol condenses in the con- 
necting tube. The stopper and connecting tube are washed down into 
the flask, a little water is added to bring the soaps into solution, 6 c.c. 
of N / 1 sulphuric acid is added, and the acid liquid distilled in steam. 
The distillation apparatus used by us was similar to the original Pregl 
micro-Kjeldahl still (6), except that the rubber connections with the 
condenser are eliminated so that the glass tube connects directly with 
a small worm condenser and leads to a receiver marked at the 50 c.c. 
level. 50 c.c. of distillate are collected for the determination of the 
volatile acid, and the distillation then continued until a further 100 c.c. 
have been collected. The first 50 c.c. of distillate is then transferred to -a 
pear-shaped funnel closed with a rubber stopper and is extracted twice 
with 50 c.c. of low boiling-point petroleum ether which can be con- 
veniently measured out in the receiver. For complete extraction vigorous 
.shaking is necessary, each extract being washed with a small amount of 
distilled water. After adding 20 c.c. of water to the extract the ether is 
gently evaporated and the residue titrated with N / 50 caustic soda using 

1 A high-grade commercial methyl alcohol free from acetone was boiled under reflux 
with caustio soda for several hours and fractionated. 
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phenolphthalein. As the acid tends to adhere to the glass it is necessary 
to wash down the sides of the flask with neutralised alcohol. We have 
titrated to a distinct pink which after shaking remained for at least one 
minute 1 . 

To the hot residue in the flask, which should not exceed 40 c.c., 
02 gm. of pure calcium sulphate is added and after standing overnight 
the solution is filtered into the automatic extractor, already described, 
through a small wad of fat-free cotton wool, just tight enough to give a 
gentle flow. The filtrate should be crystal clear. The extraction is carried 
out with acid-free methylated ether for a period of eight hours, after which 
20 c.c. of distilled water are added to the ether extract and the ether gently 
taken off ; the aqueous layer is finally filtered through a loosely packed wad 
of fat-free cotton wool and the dicarboxylic acid titrated with JV/50 soda. 

The factors to be used are as follows : 

1 c.c. Nf 50 alkali = = 3*36 mg. monocarboxylic acid, 

= =6*6 mg. pyrethrin I, 

= = 1-98 mg. dicarboxylic acid, 

= = 3-74 mg. pyrethrin II. 

The semicarbazone method. 

Whereas the acid method has presented no great difficulty in adapting 
to a small scale technique, the determination of the pyrethrin content 
by means of the semicarbazone required considerable modification. 
Moreover, the procedure is tedious and gives only an approximate 
estimation of the sum of the two pyrethrins, and as pyrethrin I is the 
main toxic constituent of py rethrum, there is some objection to its use 
for practical purposes ; we have, therefore, only used it to confirm that 
the amounts of the acids are a true measure of the pyrethrin content. 

The procedure adopted by Staudinger and Harder ( loc . cit.) for the 
semicarbazone method was as follows : They used 500 gm. of the powder 
and carried out the extraction with low boiling-point petroleum ether 
and the purification with 90 per cent, methyl alcohol exactly as in the 
acid method. The oil obtained after evaporation of the solvent was 

1 Further work, to be published separately, has shown that for routine analyses a very 
rapid assay of pyrethrin I can be made by extracting the plant material with petroleum 
ether (boiling range 40—50° 0.), transferring the petroleum ether solution to the flask used 
for distilling, hydrolysing with N/l soda in methyl alcohol for one to two hours, acidifying 
and rK«f.iUfngr in steam until two lots of 50 c.c. of aqueous distillate have collected. The 
petroleum ether distilling is used for the first extraction of monocarboxylic acid, which is 
titrated without evaporating the solvent. 
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dissolved in methyl alcohol and treated with an excess of semicarbazide 
hydrochloride and sodium acetate in solution in a small amount of 
water. After standing 24 hours the whole was evaporated in vacuo to 
dryness and the residue was washed with water to remove the uncombined 
semicarbazide. The semicarbazone was then estimated by a determina- 
tion of the nitrogen in the residue by Wilfarth’s(i2) modification of the 
Kjeldahl method, in which a mixture of fuming sulphuric and phos- 
phorus pentoxide is used with mercury as a catalyst; the amount of the 
pyrethrin was then calculated. 

Determination of semicarbazone . The use of the Kjeldahl method for 
estimating semicarbazones is open to criticism, as no modification of this 
method, to our knowledge, ammonifies quantitatively the hydrazo 
grouping. We have found that pure semicarbazide hydrochloride reacts 
to the Kjeldahl method to the extent of about 30-40 per cent., but it is 
probable that mixtures containing other organic compounds (such as 
the impure pyrethrin semicarbazones) would react more completely, as 
it is well known that the presence of oxidisable carbonaceous material 
effects a partial reduction of such nitrogen groupings to ammonia; 
nevertheless it is apparently quite impossible by the addition of reducing 
agents to convert hydrazo compounds to ammonia quantitatively. We 
have therefore abandoned the Kjeldahl method for this purpose. 

We have worked out a method suitable for the micro-analysis of 
semicarbazones by combining and modifying the methods of Rimini (7) 
and of Maselli(4). The essential reactions are as follows: 

(1) NH^.NH.CO.NHg + H^O = NHg + C0 2 + NHg.NHg, 

(2) NH 2 .NH 2 + 2HgCl 2 = N 2 + 4HC1 + 2Hg. 

Ri mini hydrolyses semicarbazide and semicarbazones with acid 
(reaction (1)) and then oxidises the hydrazine with mercuric chloride in 
alkaline solution (reaction (2)) measuring the nitrogen evolved. Maselli 
carries out acid hydrolysis and determines either the hydrazine by 
titration with potassium iodate or the ammonia by making alkaline and 
distilling. We have carried out the reactions (1) and (2) in one stage by 
boiling with a hydrochloric acid solution containing mercuric chloride; 
the semicarbazide is broken down into hydrazine (which is then oxidised 
to nitrogen) and ammonia, which can be determined readily even in 
very small amounts. The presence of the mercuric chloride is necessary 
in the case of semicarbazones in order to oxidise the hydrazine and so 
prevent its reduction by the ketone formed or by any organic impurities* 
This reduction was found to occur if semicarbazide hydrochloride was 
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boiled with hydrochloric acid to which sucrose had been added, as more 
than one-third of the total nitrogen was found as ammonia. 

The time required for the complete hydrolysis of semicarbazide by 
15 per cent, hydrochloric acid containing 5 per cent, mercuric chloride 
is six hours, as the following results with the pure hydrochloric acid 
show: 

After 1| hours hydrolysis 28*3 % of total nitrogen recovered as NHg 

» 4 „ 32*8 „ „ „ 

9» 6 „ 33*25 „ „ „ 

In the case of pyrethrin semicarbazones seven hours hydrolysis is 
therefore allowed. 

We have shown that a pyrethrum extract does not interfere with 
the reaction, by hydrolysing a known amount of semicarbazide to which 
had been added an approximately equivalent amount of pyrethrum 
extract; the amount of ammonia found corresponded to 34 per cent, of 
the total nitrogen of the semicarbazide. The small increase over the 
theoretical value of 33*3 per cent, is probably due to traces of ammonia 
produced from the extract. 

Conversion of pyrethrins to semicarbazones. Apart from the question 
of determining the amount of semicarbazone, the adaptation of the 
method of Staudinger and Harder as a micro-determination presents 
two main difficulties, (1) the complete condensation of minute amounts 
of ketone with semicarbazide, and (2) the removal of this reagent from 
the product. 

(1) We have examined the conditions necessary for complete con- 
densation. Ten gm. of flower-heads were extracted with low boiling- 
point petroleum ether; after removing the solvent in vacuo the residue 
was extracted with methyl alcohol and the solution filtered and made up 
to 10 c.c. For each analysis 4 c.c. (equivalent to 4 gm. of powder) were 
taken. We have omitted the preliminary precipitation of the methyl 
alcohol solution with 10 per cent, of water, as extracts purified in this 
way gave low results. The lower figures are due to the presence of the 
water and not to the removal of impurities that interfere, for if 
the water was removed in vacuo and the oil taken up in pure methyl 
alcohol before condensing the same results were obtained as with 
untreated methyl alcohol extracts. At 25° C. the reaction with semi- 
carbazide appears to be complete in 36 hours, provided the methyl 
alcohol solution is first concentrated to a volume of J-l c.c. The results 
reach a mayim-nm after 36 hours and then remain constant within the 

Joum. Agrio. Soi. xix 19 
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experimental error; this is shown by the following figures for one 
sample: 

24 hours at 25° 080 % pyrethrins. 


36 

if 

1-24 

>» 

48 

if 

1-09 

if 

72 

if 

1*17 

a 


Four days standing at room temperature gave approximately the 
same results, but a longer period gave higher figures. We believe this to 
be due to resinification which renders the subsequent removal of the 
excess of semicarbazide very difficult. 

(2) After condensation, it is necessary to evaporate off the alcohol 
as the semicarbazone does not crystallise out and the addition of water 
produces an emulsion which cannot be separated. In spite of the small 
amount of material we have found great difficulty in washing out the 
free semicarbazide from this residue, even when it is spread out in a 
very fine film. In order to do this we have found it necessary after each 
washing to take up the residue in ether and evaporate down again to a 
film. A dilute solution of acetic acid and sodium acetate was used for 
washing. The semicarbazide in the washings was then titrated with 
potassium permanganate, and it was found necessary to repeat the process 
of solution, evaporation, and washing, three times; further repetition 
continued to give a small constant titration figure in the washings but 
this was found to be due to some soluble organic substance, as a pyre- 
thrum extract which had not been treated with semicarbazide gave a 
similar result. We have also used an alternative method by taking up 
the residue (after evaporating off the alcohol) with ether and washing 
the ether solution with water in a separating funnel. As part of the semi- 
carbazone does not dissolve in ether it is necessary to filter the aqueous 
washings. Similar results were obtained by the two methods as is shown 
by the following results of three analyses of the same sample. 

Washed 3 times as a film in the tube 1*00 % pyrethrins. 

Washed 6 times as a film in the tube 1*10 % pyrethrins. 

Ether solution washed in a separating funnel 1-02 % pyrethrins: 

Description of the semicarbazone method . Our procedure in the semi- 
carbazone method is then as follows: 10 gm. of the powdered flower- 
heads are extracted completely with low boiling-point petroleum ether 
and the residue, after evaporation of the solvent, is extracted with 
absolute methyl alcohol, in exactly the same way as for the acid method. 
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The extracts are filtered successively into a small measuring cylinder and 
brought to a volume of 10 c.c. The solution is mixed and 4 c.c. aliquots 
are pipetted into a hard glass test-tube. 30 mg. of semicarbazide 
hydrochloride and 50 mg. of sodium acetate are added and the solution 
is concentrated to about 0*5 c.c. This is done by inserting a rubber stopper 
having a capillary tube reaching to the bottom of the liquid and a side- 
tube which is connected to a pump ; the test-tube is kept at a tempera- 
ture of 25° C. and the alcohol can then be readily removed by evacuation. 
A small glass bead, to act as a spray-trap, was inserted in the side-tube 
and held in place by constricting the tube on either side. At the finish 
a few drops of methyl alcohol are poured into the side tube, to free it 
from any deposit carried up by the spray, and so manipulated as to 
wash down the capillary as well. The test-tube is corked and placed in 
a bath at 25° for 36 to 48 hours. The methyl alcohol is then evaporated 
to dryness by connecting to a pump and evacuating without the use of 
a capillary. Two methods of washing have been employed, (a) A little 
ether is added to the residue and the solution is then evaporated to a 
film by tilting and rotating the test-tube which is prevented from cooling 
by warming with the hand. The last traces of ether are removed in a 
good vacuum. The film should cover half the length of the test-tube. 
Twenty c.c. of a solution containing 0-1 per cent, acetic acid and 1 per 
cent, sodium acetate are poured carefully into the tube and left to stand 
10 minutes; the film should be completely covered. The solution is then 
filtered through a small plug of cotton wool and the test-tube rinsed 
out with about 2 c.c. of water. The film is then remade by solution in 
ether and evaporation and is again washed, the whole process being 
carried out three times in all. The small residue on the filter is returned 
to the test-tube by pouring through two drops of methyl alcohol and 
1 c.c. of ether. The alcohol and ether are evaporated in vacuo . Five c.c. 
of a 15 per cent, solution of hydrochloric acid containing 5 per cent, of 
mercuric chloride are heated and poured through the filter into the 
test-tube. (6) The alternative and more rapid method of washing is as 
follows: after complete removal of the methyl alcohol, the residue is 
twice extracted with 5 c.c. of ether and the ether solution poured into 
a small separating funnel. The residue in the test-tube is washed four 
times with 10 c.c. of water, the washings are successively filtered through 
a cotton wool plug into the separating funnel and used to wash the 
ether solution with gentle rotation. The ether solution is washed twice 
more with small amounts of water, returned to the test-tube and 
evaporated. Five c.c. of .the 15 per cent, hydrochloric acid solution 

19-2 
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containing 5 per cent, mercuric chloride are heated and used to wash 
into the test-tube the insoluble material left in the separating funnel 
and the filter, the cotton-wool plug in the latter being previously 
loosened. 

The test-tube is fixed to a small reflux condenser and after the 
addition of a little pumice the solution boiled for seven hours. Ammonia 
is then determined by the method adopted by Pregl in his revised micro- 
Kjeldahl method (6). 

The solution used for rendering alkaline was prepared by diluting a 
40 per cent, solution of caustic soda with an equal volume of a saturated 
solution of sodium thiosulphate which is necessary for the decomposition 
of the mercury ammonium complex. iV/50 acid was used for absorbing 
the ammonia, and Nj 50 alkali for titration. 

For the mixed pyrethrins which are present in nearly equal pro- 
portions we have taken 350 as the approximate mean molecular weight, 
1 c.c. of Nf 50 acid being then equivalent to 70 mg. of the combined 
pyrethrins. 


Results op analysis. 

In Table II the results obtained by the acid method and also in 
certain cases by the semicarbazone method are given in duplicate. The 
results give some idea of the agreement to be obtained by parallel deter- 
minations by the acid method. In addition, the table shows that there 
is reasonable agreement between the sum of the percentages of pyre- 
thrin I and II as obtained by the acid method and this value as deter- 
mined by the semicarbazone method. 

The correlation between the contents of pyrethrin I and II. The data in 
Table II indicate that there is an apparent connection between the values 
for the two pyrethrins. We are indebted to Dr Wishart of the Rotham- 
sted Statistical Dept, for kindly analysing the figures for the first eight 
samples in the table. He finds the correlation coefficient between pyre- 
thrin I and II in these samples to be positive and to have a value of 
0*85. This is definitely significant and although the number of samples 
is small and the seed from which they were grown was of the same origin, 
there is a distinct suggestion of a close connection in the derivation of 
the two poisons in the plant, either from some parent body or by some 
chemical reaction common to the synthesis of both or it may be that 
one compound is derived from the other. 

The relationship between size of flower-heads and the content of the 
pyrethrins . For a long time there has been an opinion that the closed 



F. Tattersfield, R. P. Hobson and C. T. Gimingham 285 

and half-closed flowers of pyrethrum are more toxic to insects than fully 
opened ones, although critical examination has thrown doubt on this 
view. 


Table II. Results of analysis of various samples of pyrethrum . 



Acid method 



Weight of 



t 

A 

N 

Semi* 

100 flower- 



Pyrethrin 

Pyrethrin 


carbazone 

heads 

Standard 

Origin of sample 

I 

II 

Total 

method 

gm. 

deviation 



1927 Harvest 




Harpenden 

0-35 

0*36 

0*71 

0*71 

13*91 

0*27 


0-36 

0*35 

0*71 

0*74 



Reading 

0-39 

0*33 

0*72 


11*65 

0*31 - 

Scilly Isles 

0-43 

0*46 

0*89 

— 

12*87 

0*31 


0*46 

0*46 

0*92 




Seale Hayne 

0-28 

0*31 

0*59 

0*60 

13*95 

0*44 





0*58 



Swanley 

0-41 

0*40 

0*87 

0*90 

9*62 

0*26 


0-41 

0*48 

0*89 

0*86 



Wisley 

0*39 

0*42 

0*81 

0*82 

11*22 

0*29 


0-39 

0-41 

0*80 

0*86 



Worcester 

0-46 

0*57 

1*03 

M0 

9*59 

0*29 


0-45 

0*54 

0*99 

1 00 



Wye 

0-35 

0*32 

0*67 

0*74 

9 *66 

0*16 


0-38 

0*33 

0*71 

0*71 





1926 Harvest 




Scilly Isles 

0*60 

0*49 

1*09 

113* 




0-59 

0*58 

117 




Wye 

0*37 

0*34 

0*71 

0*77 








Pyrethrin 



Acid method 



Petr. 

I and II % 



A 

s 

Semi* 

ether 

of petr. 


Pyrethrin Pyrethrin 


carbazone extract 

ether 

Origin of sample 

I 

II 

Total 

method 

% 

extract 



1928 Harvest 




Harpenden grown 







Plot 20 c 







Flowers 

0-58 

0*70 

1*28 

1*18 

5*44 

23*6 


059 

0*70 

1*29 

1-14 



Flowers and Stalk 

0-25 

0*32 

0*57 

— 

2*95 

20*0 


026 

0*35 

0*61 




Stalk 

0*031 

0*034 

0*065 

— 

1-13 

5*6 


0*028 

0*033 

0*061 




Plot 17 c 







Flowers 

0*47 

0*59 

1*06 

— 

5*75 

18*6 


0*47 

0*61 

1*08 




Flowers and stalk 

0*23 

0*31 

0*54 

— 

3*36 

16*0 

Stalk 

0*032 

0*036 

0*07 

0*09 

1*07 

6*5 


* Mean of six determinations. 


The data in Table II for the first eight samples were used for testing 
the dependence, if any, of the pyrethrin values upon the size of flower- 
heads. Random samples were taken in a suitable way and the weight 
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of ten lots of ten heads of each sample determined, giving the weight 
of each hundred heads. The standard deviations of the mean, calculated 
from these figures, show a certain amount of variation between the 
samples in point of size and uniformity. The data were subjected to 
statistical analysis by Dr Wishart, who found the correlation between 
the weight per 100 flower-heads and percentages of pyrethrin I to be 
— 0*527 and that for pyrethrin II — 0*543. The correlation while reason- 
ably large and negative cannot be regarded as significant for so small 
a number as eight samples. 

The data are too meagre to settle the matter finally, but taking in- 
dividual samples and comparing them with each other we find how un- 
certain any choice resting upon a selection by size of flower-heads would 
be and that the source of origin is at least as important. For example, 
although in the Worcester and Seale Hayne samples, the ratio of the 
pyrethrin contents is as 1*0 to 0*6 and the weight per 100 heads as 9*6 
to 14 respectively, in the case of the Wye and Harpenden samples, 
whereas the proportionality in the weight of heads is the same (9*6 to 
14), that of the pyrethrin contents is as 0*7 to 0*7. Moreover, the loss 
of yield, ensuing from harvesting the smaller-sized heads of the closed 
and half-closed flowers as against taking the crop when they are fully 
open, outweighs in economic importance any advantage likely to accrue 
from the possibility of the former possessing a larger amount of the two 
pyrethrins. 

The loss on heating at 105° C. was determined, but, as this did not 
vary amongst the samples to an extent sufficient to modify the deduc- 
tions drawn from the analytical results, we have preferred to express 
our data on the air-dried samples. 

The 'pyrethrin content of flowers , stalk, and mixed stalk and flowers . 
Table II gives data for the pyrethrin content of two samples of stalk, 
in addition to those of the flowers and the mixed flowers and stalk from 
two beds, 17 c and 20 c at Harpenden; in addition, it contains the per- 
centage amounts of the petroleum ether extracts and also their content 
of pyrethrin. These samples were carefully taken and, after air-drying 
in the shade, each was divided into three portions; in one the proportion 
of flower-heads to stalk was determined, the stalk and flowers being 
ground separately; the second portion was ground as a whole, while a 
third portion was kept for reference. The pyrethrin content of the stalk 
is between one-fifteenth and one-twentieth of that of the flowers. 
Although we have no exact data, the few tests carried Out biologically 
indicated a similar relationship in the toxicity of the stalk and flowers 
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respectively, and experiments carried out in previous years on the plants 
from these beds indicated that the stalk is in general less than one- 
tenth as toxic as the flower-heads. 

The percentage weights of petroleum ether extracts of the flowers, 
of the mixture of flowers and stalk and of the stalk are very different, 
the stalk for both beds 17 c and 20 c giving only about one-fifth of that of 
the flowers. The contents of pyrethrin were therefore calculated on these 
extracts and on that of the mixed stalk and flower. The counterbalancing 
effect of the small weight of extract from the stalk upon the percentage 
of pyrethrins is considerable and as a result an extract of the mixture 
of stalk and flower contains in the case of plot 17 c 16*6 per cent, pyre- 
thrin against 18*6 per cent, in the flowers, and in the case of 20 c 20*0 per 
cent, against 23*6 per cent. In the case of the mixture the total amounts 
of pyrethrin extracted per unit weight of plant material is of course 
about one-half that of the flowers. 

The results of the analyses of the flowers, the stalk and a mixture of 
the two afford a means of testing the validity of the method for use with 
material containing both stalk and flowers. In the sample 20 c the 
mixture of flowers and stalk contained approximately 44 per cent, of 
flowers; a calculation from the percentages of pyrethrin I gave 40*5 per 
cent, and from pyrethrin II 45 per cent. The mixture from bed 17 c 
contained 46 per cent, of flowers; the analysis gave 46 per cent, calculated 
from pyrethrin I and 49 per cent, from pyrethrin II. The presence of 
stalk in the sample did not, therefore, introduce any complicating factor 
in the analysis. 

Comparison of analytical results with toxicity tests. 

The final criterion of the analytical method lies in the degree of con- 
cordance with the results of toxicity tests with insects. Quantitative 
investigations with biological material are by the nature of the case 
less accurate than chemical analyses, and the determination of results 
depends largely on the quality of the biological material, which may 
fluctuate, and upon the care taken in observing the effects produced. 
In order, therefore, that there should be entire freedom from bias, 
the two sides of this investigation were kept entirely independent of 
each other and no comparison was made between the results until 
both were complete. The biological trials were carried out in the 
following way : 10 gm. of each sample of ground flowers were allowed 
to soak in a known amount of absolute alcohol for some days, dilu- 
tions were then made by pipetting off the clear supernatant solution 
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into 0-5 per cent, solutions of saponin in water. Control tests showed that 
the insects used could tolerate much higher proportions of alcohol and 
saponin than were used in these experiments. The insects were then 
sprayed in the manner already described and a short time later duplicate 
experiments were carried out. As in the case of the biological tests with 
the pyrethrins which were made within a few days of these experiments, 
an observation of the results was made after 24 and again after 48 hours. 
The toxic effects persisting at the end of 48 hours were taken for purposes 
of comparison, and the categories and methods of computing employed 
for the pyrethrins were used for evaluating the results. The results are 
given in Table III. 

In Table III, in addition to the expression of the concentrations in 
weight of flower-heads, we have given the percentage of pyrethrin I 
present at each concentration. The data in this table are placed under 
three headings — A, B and C, for in addition to the samples cropped in 
1927 and tested in 1928, there are figures given for the crop from two 
stations taken in 1926 and tested in 1927, and also a certain amount of 
preliminary data for the flowers grown at Swanley and Wye in 1927 
and tested shortly after receipt in that year. Comparisons of the data 
should only be made within their appropriate groups as duplicate tests 
should be done within as short an interval as possible. 

The toxic effects of the various samples in Group A can be graded in 
the following order: (1) Worcester — the most toxic sample; (2) Scilly 
Isles, Swanley, Wisley, Reading, Harpenden — not quite so toxiG; and 
(3) Seale Hayne — least toxic. In the case of the Wye samples difficulties 
were encountered in placing the sprayed insects in their appropriate 
categories. We are readily able to separate the Worcester sample from 
the Seale Hayne and these two are the samples containing the largest 
and least amount, respectively, of pyrethrin. The intermediate samples 
cannot be separated from each other with any degree of precision, but 
in toxic values they definitely come between these two, as they also 
do in percentage of pyrethrin. 

Group B of this table contains two samples whose toxicity data 
have been dealt with more fully elsewhere (i). It was there stated that it 
was highly probable that the differences found in the toxicity of the Scilly 
Isles and Wye samples of 1926 were significant. We have determined 
the content of pyrethrin in both samples and found that of the Scilly 
Isles sample to be materially higher than that of the Wye sample. 

Group C contains data of a preliminary nature, the results of one 
set of experiments carried out in August 1927 on two samples harvested 



Tabid HI* Toxicities to A. nixnicis of pyrethrum flowers grown at different stations. 


(N —not affected, S "-slightly affected, M —moribund, B —apparently dead.) 
Marks awarded to each concentration -($3 %+JM %+D %). 


Concentration 


In terms of As 

_ , , . part of plant pyrethrin IN S M 

Sample and ongin gm./lOO c.c. gm./lOO c.c. % % % 

Group A*. Harvest, 1927. Tested, 1928. 


Harpenden (1) 0-5 

Pyrethrin I -0*355 % 0 4 

„ 11-0*355 % 0*3 

0*2 
0*1 
005 

Reading (2) 0-5 

Pyrethrin 1-0*39 % 0*4 

„ 11-0*33% 0*3 

0*2 
0*1 
0*05 
0*025 

Scilly Isles (3) 0*5 

Pyrethrin I —0*445 % 0*4 

„ II -0-46 % 0*3 

0*2 
0*1 
0-05 

Seale Hayne (4) 0*5 

Pyrethrin I —0-28 % 0*4 

„ II -0-31 % 0*3 

0-2 
0-1 
0*05 

Swanley (5) 0-5 

Pyrethrin I —0-41 % 0-4 

„ II -0-47 % 0*3 

0-2 
0-1 

Wisley (6) 0*5 

Pyrethrin I —0-39 % 0-4 

„ II -0*415 % 0*3 

0-2 
0-1 
0-05 


0*0018 





30 

0*0014 

— 



40 

0-0011 

— 



43 

0*0007 

25 

20 

45 

0*00036 

85 

10 

5 

0*00018 

100 



0-00195 





20 

0-0016 

— 



50 

0-0012 

— 

5 

75 

0-00078 

20 

15 

65 

0-0004 

75 

10 

5 

0-0002 

90 

10 


0*0001 

100 


— 

0-0022 





20 

0-0018 





40 

0-0013 

— 

5 

55 

0*0009 

25 

5 

55 

0*0004 

60 

25 

10 

0-0002 

80 

20 


0-0014 





70 

0-0011 

— 

10 

90 

0-00084 

— 

25 

70 

0-00056 

70 

10 

20 

0-00028 

90 

. 

. 

0-00014 

80 

20 

— 

0-002 







0-0016 

— 



40 

0-0012 

10 



55 

0-0008 

35 

10 

55 

0-0004 

100 

— 

— 

0-0019 







0*0016 

— 



40 

0-0012 

5 

5 

85 

0-00078 

45 

10 

30 

0-00039 

55 

10 

35 

0-0002 

100 

— 

— 


D M and B 
% % Marks 


70 

100 

85 

60 

100 

80 

57 

100 

78*5 (?) 

10 

55 

37*5 

— 

5 

2*5 

— 

0 

0 

80 

100 

90 

50 

100 

75 

20 

95 

68*5 

— 

65 

36 

10 

15 

12*5 

— 

0 

2*5 

— 

0 

0 

80 

100 

90 

60 

100 

SO 

40 

95 

69 

15 

70 

44 

5 

15 

16 

— 

0 

5 

30 

100 

65 

— 

90 

47*5 

5 

75 

46 

— 

20 

12*5 

10 

10 

10 

— 

0 

5 

100 

100 

100 

60 

100 

80 

35 

90 

62*5 

— 

55 

30 

— 

0 

0 

100 

100 

100 

60 

100 

80 

5 

90 

49 

15 

45 

32*5 

— 

35 

20 

— 

0 

0 


Worcester (7) 

0-5 

0-0022 







100 

100 

100 

Pyrethrin I =0-46 % 

0-4 

0-0018 

— 

— 

27-5 

72-5 

100 

87 

„ II ==>0-415 % 

0-3 

0*0014 

— 

2*5 

25 

72*5 

97*5 

85*5 


0-2 

0-0009 

10 

. — 

55 

35 

90 

62*5 


0-1 

0-00045 

50 

15 

35 



35 

21 


0-05 

0-00022 

90 

10 

— 

— 

0 

2*5 

Wye (8) 

0-5 

0*0018 

— 



50 

50 

100 

75 

Pyrethrin I =0*375 % 

0-4 

0*0014 

— 

— 

50 

50 

100 

76 

II =0-325 % 

0-3 

0-0011 

15 

25 

55 

5 

65 

38*5 (?) 


0-2 

0-0007 

15 

40 

25 

20 

45 

42*5 (?) 


0-1 

0-00036 

80 

— 

5 

15 

20 

17*5 


0*05 

0*00018 

100 

— 

— 

— 

0 

0 


Group B*. Harvest, 

1926. 

Tested, 1927. 




Scilly Isles 

0-5 

0-0029 

— 

— 

— 

100 

100 

100 

Pyrethrin 1=0-59 % 

0*25 

0-00145 

— 

— 

— 

100 

100 

100 

„ II -0-53 % 

0-1 

0-00058 

— 

— 

40 

60 

100 

80 


0*05 

0-00029 

— 

10 

75 

15 

90 

55 


0*025 

0*00014 

— 

40 

60 

— 

60 

40 

Wye 

0*5 

0*00185 

— 

— 

— 

100 

100 

100 

Pyrethrin 1 = 0*37 % 

0*25 

0*0009 

— 

10 

5 

85 

90 

90 

„ 11 - 0 * 34 % 

0*1 

0-00037 

20 

5 

* 30 

45 

75 

61 


0*05 

0-00018 

65 

15 

10 

10 

20 

19 


Group C # . Harvest, 

, 1927. 

Tested, 

1927. 




Swanley 

0*5 

0*00205 

— 

— 

— 

100 

100 

100 

Pyrethrin 1 - 0*41 % 

0*25 * 

0*0010 

— 

— 

— 

100 

100 

100 

„ 11 - 0 * 47 % 

0*1 

0*0004 

— 

— 

30 

70 

100 

85 


0*05 

0*0002 

— 

20 

30 

50 

80 

70 

Wye 

0*5 

0*0019 



— 

— 

100 

100 

100 

Pyrethrin 1 - 0*375 % 

0*25 

0*0009 

— 

— 

— 

100 

100 

100 

„ 11 - 0 * 325 % 

0*1 

0*00037 

— 

30 

10 

60 

70 

72*5 


0*05 

0*00019 

50 

20 

— 

30 

80 

85 


* As insect resistance does not remain constant from year to year comparisons of results can 


only be made within each group. 
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a few weeks earlier; they are included because of the unsatisfactory data 
for the Wye sample when tested in 1928. The Swanley sample is slightly 
the more toxic, although the differences are scarcely significant, and it is 
noticeable that the content of both pyrethrins is higher in the Swanley 
than in the Wye sample. 
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© 
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I 

P4 



Concentration in gm./lOO c.c. of pyrethrin I 


Diagram 2 a. Toxicity to A. rumicis of pyrethrin I in the isolated state, and as 
calculated from analysis of flower-heads. Toxicity evaluated in terms of percentage of 
moribund and dead insects. The numbers to the black circles correspond to numbers 
of samples in Table III. 


Pyrethrin I was considered by Staudinger and Ruzicka to be mainly 
responsible for the inseeticidal efiect of pyrethrum; the data given above 
for the toxicity of the isolated poisons lead to the same conclusion. It 
appeared a practical method of testing the acid method of analysis, to 
plot the toxicity values for the above samples against the actual con- 
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centrations of pyrethrin I (calculated from the dilutions and the per- 
centage amounts of pyrethrin I in the samples), upon the same diagram 
as the toxicity values of a specimen of the pure poison itself, and on the 
same scale. This would determine the degree of concordance. We have 



Diagram 26. Toxicity to A. rumicia of pyrethrin i in the isolated state, and as 
calculated from analysis of flower-heads. Toxicity evaluated by marks. The numbers to 
the black ciroles correspond to numbers of samples in Table III. 


done this in Diagrams 2 a and 2 b, the numbers on the diagrams corre- 
sponding to the numbers given to the samples in Table III. 

Owing to the rather arbitrary nature of evaluation, we have in these 
diagrams used both the methods of computing toxicity referred to on 
p. 270. In Diagram 2 6 we have drawn the shortest smooth curve 
through the points for pyrethrin I which are marked by crosses. Taking 
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into account the minute concentrations which are effective, the points 
obtained for the various samples of pyrethrum fall significantly close to 
the curves indicating the toxicity of pyrethrin I. Towards the upper 
part of the curves there is an indication that the samples are more toxic 
than their content of pyrethrin I would suggest; it should, however, be 
noted that the curve for pyrethrin I itself may possibly ascend more 
steeply than shown owing to the rather wide separation of the points, 
but it is also probable that at these higher concentrations pyrethrin II 
plays a definite part in influencing the toxicity of the samples. On a 
diagram on this scale the toxicity of pyrethrin II is represented by 
only one point (shown by the triangle). We consider that the degree of s 
concordance between the two sets of results is sufficient to demonstrate 
the value of the acid method, and particularly the determination of 
pyrethrin I, as a means of evaluating pyrethrum. 

Staudinger and Ruzicka (loc. cit.) have indicated the possibility of 
a small amount of the acids being combined with other alcohols than 
pyrethrolone. If this were so, a lack of concordance between the analy- 
tical results and toxicity would be expected. The data presented, and 
the close agreement of the results given by the semicarbazone method, 
show that in our samples such compounds can only be present in traces, 
and their effect can probably be discounted. The possibility, however, 
suggests that from time to time the semicarbazone method or a direct 
estimation of toxicity should be used as confirmative tests. 

The effect of external conditions upon 

THE CONTENT OF PYRETHRIN. 

Pyrethrum being a perennial crop, it is a matter of importance to 
know how the toxic properties vary with the age of the plant. The data 
given in Table III gives a little preliminary information as to the varia- 
tion in pyrethrum from year to year, e.g. the crop taken in Harpenden 
in 1927 has a percentage content of pyrethrin of 0*7 per cent., whereas 
in 1928 it has increased in plot 17 c to 1*0 per cent, and in plot 20 c to 
1-28 per cent. The pyrethrin content of flowers taken in the Soillies in 
1926 averages 1*1 per cent, but in 1927 the percentage had dropped 
slightly to 0*85 per cent. These variations are significant, and they cannot 
be related to differences in soil, or to the age of the plants as the effects 
for the two stations are in the reverse order. It may be tentatively 
suggested, that the meteorological conditions prevailing during a 
critical portion of the growth period have a bearing on the production 
of the toxic compounds in the plant. In Harpenden, at any rate, the 
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years 1927 and 1928 were climatically very different, 1927 being cold 
and wet with little sunshine, and 1928 dry and warm with considerable 
sunny periods. 

With respect to soil conditions it is usually considered that poor 
calcareous soils are most suitable for pyrethrum. The plants we have 
tested were from a wide range of soils but our data are not sufficient to 
yield definite information as to the type of soil most suitable for this 
plant. 


Conclusions. 

It is evident from the data given, that, to certain insects, pyrethrin I 
is the most highly toxic contact poison at present known, and in our 
experience rotenone (tubatoxin) is the only compound that approaches 
it at all closely in toxicity. The results of our experiments agree too with 
those of Staudinger and Ruzicka in showing pyrethrin II to be less 
toxic than pyrethrin I and, although we find a relatively larger difference 
than they did, the discrepancy is almost certainly due to the wide 
differences both in the insects and technique employed. The important 
fact emerges that the contact insecticidal properties of pyrethrum are 
almost entirely due to the presence of pyrethrin I, and the aim of plant 
breeding should be to increase its amount. 

Pyrethrum has the considerable advantage over most potent insecti- 
cides of being comparatively harmless to man, and there should be in 
consequence a large field of usefulness before it. Its use at present is 
circumscribed by its specificity of effect, certain insects being very 
resistant to it, and to the supposed readiness with which toxicity is lost. 
There is, however, no reason why its use should not be extended and 
this might be greatly facilitated if flowers of higher toxicity could be 
produced by systematic plant breeding. 

For the latter purpose some suitable method of determining the 
percentage of poisons is necessary which should be reasonably rapid and 
simple. Hitherto most of the methods suggested have depended upon 
the determination of some value in no way correlated with, or a measure 
of, the amount of the toxic principle present. No method can be entirely 
satisfactory that does not definitely assess the amount of the poisons 
themselves. The micro-methods described above are adaptations of 
Staudinger And Harder’s macro-methods, and care has been taken to 
test their correlation with toxicity determinations as accurately as 
possible. Rearing in mind the unique toxicity of pyrethrin I, the close 
accordance between the toxicities of the flower-heads, when calculated 



294 


Pyrethrin I and II 

to their content of pyrethrin I, and that of the isolated poison affords a 
striking confirmation of the validity of the results as given by the acid 
method. A further independent check is provided by the semicarbazone 
method, which depends on the estimation of the alcoholic constituent 
of the pyrethrins and has given results in substantial agreement with 
those obtained from a determination of the acidic constituents. 

A suitable analytical method, in addition to its value for plant 
breeding for higher poison content, is likely to prove of use for stan- 
dardising extracts. Again, the employment of the stalk of pyrethrum has 
up to the present been regarded as a questionable practice, as it contains 
a much smaller proportion of the toxic principles than the flowers; it 
nevertheless provides a potential source of the pyrethrins, if suitable 
methods of extraction could be devised. The data in Table II show that 
the percentage of petroleum ether extract of the stalk is much less than 
that of the flowers, and that in consequence, the petroleum ether extract 
of mixed stalk and flowers contains only a slightly lower percentage of 
pyrethrin than the extract of the flowers themselves. The weight of 
extract per unit weight of plant material being less in the case of the 
mixture, larger amounts of the mixed stalk and flowers than of the 
flowers would be required to give the same weight of dry extracts. The 
economic significance of this procedure would depend very largely on 
the increased cost of the transport, handling and extracting a larger 
bulk of material, but to some extent this would be offset by the saving 
of labour in detaching the flowers from the stalk, especially if a mechanical 
means of harvesting could be devised. 

Whether the methods described can be used for detecting adultera- 
tion, can only be determined by further experience. The range of pyre- 
thrin I content, even in samples of flowers grown from the same batch of 
selected seed, is variable and may possibly depend upon the meteoro- 
logical conditions of the season, even when grown in the same bed. The 
percentage of pyrethrin is therefore not a constant for even genuine 
samples of the flowers. Combined with the methods elaborated by 
McDonnel, Roark, LaForge and Keenan ( 5 ) it may, however, prove 
itself of great value for purposes of detecting sophistication, for if the 
latter is suspected and a large sample is available, the examination of 
the acids and the determination of their constants should help in the 
detection of the most skilful adulteration. 

It is important to realise, however, that after long exposure to damp 
conditions pyrethrum powder loses its toxicity and a genuine sample 
may be devoid of insecticidal value. Whether or not the chemical methods 
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outlined above will make it possible to detect such loss of toxicity, is a 
matter for further investigation. 

We have used for this work samples of flowers grown in different 
localities but all raised from selected seed of the same origin 1 ; considerable 
variation, therefore, was not to be expected. The biological tests were 
able to separate the samples with considerable precision into three 
classes of high, low and medium toxicity, but were unable to detect 
smaller differences. The chemical method was found to put the samples 
into the same categories and, in addition, was able to detect differences 
not distinguishable by the biological method. 

Such small differences, as were found between many of the samples, 
are of little interest in practice, and it is important for the plant breeder 
to realise that samples grown from the same seed on the same soil can 
vary within fairly wide limits according to the season. The methods 
outlined should prove useful in any attempt to correlate toxicity with 
meteorological conditions, and in addition should be of value in studying 
the effect of soil conditions, manuring and cultivation upon the content 
of pyrethrin, and the useful duration of the plantation. These aspects 
of the problem of the extended production of pyrethrum call for further 
investigation. 

The work here described forms parts of a co-operative investigation on English- 
grown pyrethrum as an insecticide (see 1 ), between the Plant Pathological Laboratory 
of the Ministry of Agriculture and the Rothamsted Experimental Station. We are 
indebted to the following for supplying additional material: South Eastern Agri- 
culture College, Wye; Seale Hayne Agricultural College, Newton Abbot; The Horti- 
cultural College, Swanley; Research Station, East Mailing; Research Station, Long 
Ashton; University of Reading; University College of South Wales, Aberystwyth; 
Royal Horticultural Society, Wisley; Experimental Station, Scilly Isles; Dept, of 
Agricultural Education, Worcester; Farm Institute, Sparsholt; Isle of Ely Demon- 
stration Plot. 

Summary. 

1. (a) Pyrethrin I and II have been isolated by the method of 
Staudinger and Ruzicka from the insecticidal plant Pyrethrum ( Chry- 
santhemum ainerariaefolium ) . Both are shown to be highly toxic to the 
insect Aphis rumicis . 

(6) Pyrethrin I was found to be the most toxic substance so far 
tested by us and, as it was about ten times as toxic to these insects as 
pyrethrin II, it is concluded that it is mainly responsible for the contact 
insecticidal value of pyrethrum. 

1 More recent work has indicated that the acid method is applicable to unselected 
seed from another souroe. 
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2. Two micro-analytical methods of determining the pyrethrin 
content are described, (a) By means of the acids after hydrolysis. (6) 
By means of the semicarbazone. They are given on pp. 278, 282. 

3. The analytical results obtained for a series of pyrethrum samples 
agreed with their observed insecticidal properties to Aphis rumicis . 

4. Comparisons of the pyrethrin contents, as estimated, with the 
results of direct toxicity experiments both on the pyrethrum samples 
and the pure pyrethrins, confirm the validity of the analytical methods. 

5. There was a significant and positive correlation, in the samples 
tested, between the amounts of pyrethrin I and II. 

6. Insufficient data are available to show a significant correlation 
between the size of flower-heads and the content of poison, or to draw 
conclusions as to the effect of external conditions such as soil, weather 
or age of bed. 
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Introduction. 

We have recently described two chemical methods for the determination 
of the poisons in the insecticidal plant pyrethrum (C. cm erarim folium), 
based on the researches of Staudinger and his co-workers whose results 
we were able to confirm. Working with pyrethrum grown in England 
from Swiss seed, we obtained results which could be correlated closely 
with the observed toxicity of the samples and of the pure poisons 
themselves. 

Staudingar and Ruzieka(J) isolated from pyrethrum of European 
origin two active principles, named by them pyrethrin I and II, to 
which they ascribe the whole of the insecticidal action and whose 
structures they determined. The Japanese workers Fujitani(2) and 
Yamomoto(d), however, arrived at different conclusions as to the nature 
of the active principles and this has led to the suggestion (4) that different 
poisons may be produced by the same plant, Chrysanthemum cinerariae - 
folium , grown in Japan and Europe. Although this hypothesis is highly 
improbable, it nevertheless seemed important to establish the validity 
of the analytical process, not only for European pyrethrum, but also 
for pyrethrum grown from Japanese seed, as in the event of failure it 
would not be possible to propose the method as a general one. 

Of the two methods already mentioned, the acid method is the more 
convenient but it is nevertheless a somewhat lengthy process, taking 
several days to complete. As it had been shown that of the two poisons, 
pyrethrin I is mainly responsible for the toxicity, it was decided to 
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explore the possibility of making a rapid evaluation of pyrethrum by 
estimating pyrethrin I alone by an abbreviated method. 

This paper deals with the results of the evaluation, by both chemical 
and biological means, of pyrethrum grown from Swiss and Japanese 
seed and includes in addition a study of a rapid approximate method 
for the chemical assay of pyrethrin I. 

Comparison of pyrethrum grown from Swiss and Japanese seed. 

During 1928 a considerable number of tests was carried out on the 
toxicities of the flowers derived from Swiss seed and grown on plots laid 
down at stations in different parts of the country. Unfortunately, how- 
ever, towards the latter part of the summer of that year a shortage of 
suitable insects, particularly Aphis rumicis , made it impossible to test 
adequately the samples grown from Japanese seed. Samples grown in 
1926 from Swiss and Japanese seed had been tested in the previous 
year (1927) in a number of toxicity trials, full particulars of which are 
published elsewhere (l), and as these samples were still available we have 
determined in them the content of pyrethrin I and II, by means of the 
acid method previously described (5). The data are given in Table I. 


Table 1. Analyses of Pyrethrum Flowers. 

Toxicities to A. mmicii 

< A > 

Highest Lowest 

cone, giving cone, giving 

Station and Full acid Short acid under 50 % over 50 % 

derivation of method method moribund moribund 


seed f * ^ and dead. and dead. 

Pyrethrin 1 Pyrethrin II Pyrethriu I Gin. ilowers/ Gm. (lowers/ 
Crop 1920 % % % 100 c.c. 100 c.e. 

Scillies. Swiss 0-59 0-53 0-00 — * 0-025 (00%)* 

Wye. Swiss 0-30 0-32 — n /(20 %) /(75 %) 

Swanky. Japan. 0-30 0-44 0-33 (10%) (80%) 

Harpenden. Japan. 0-29 0-50 0-27 \ 0-05 '(30%) 01 <(70%) 

Harpenden. Swiss 0-28 0-34 — ( 1(20%) 1(75%) 

Sparsholt. Japan. 0-20 0-28 0-27 J 1(20%) 1(70%) 

E. Mailing. Japan. 0 20 0-24 0 191 n , ((30 %) n .> r f(100%) 

Wyo. Japan. 0-18 0-30 0 15/ 100%) 0 1(100 %) 

Crop 1927 

Worcester. Swiss 0-45 — 0-43 — — 

Scillies. Swiss 0-44 — 0*43 — — 

Swanley. Swiss 0-41 — 0-38 — — 

Wisley. Swiss 0-39 — , 0-35 — — 

Wye. Swiss 0*3(5 — 0-30 — — 

Seale Hayne. Swiss 0-28 — 0-20 — — 

* The figures in brackets indicate the observed mortalities at the concentrations given. 

For purposes of comparison of the analytical results with the toxicity 
data, we have in the table represented briefly the insecticidal values of 
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the different samples in the following manner. The samples were tested 
((]), p. 430) at concentrations, in terms of flowers, of 0-5, 0-25, 0-1, 0-05, 
and 0-025 gm. per 100 c.c. of spray fluid. Statistically, the concentra- 
tions giving 50 per cent, of moribund and dead insects arc the most 
suitable for purposes of comparison, but in view of the difficulties of 
interpolation, we have stated the highest of the concentrations tested 
giving below 50 per cent, and the lowest giving over 50 per cent, of 
moribund and dead insects. 

A consideration of the table shows that for the 1926 crop the samples 
can be arranged in three groups according to their toxicities and that 
this grouping can be correlated with the content of pyrethrin I. Thus, 
the Scillies (Swiss) sample contains 0*59 per cent, and is significantly 
more toxic than the others, while in the second group of medium toxicity 
is included a number of samples, derived from both Japanese and Swiss 
seed, and containing from 0*26 to 0*36 per cent, of pyrethrin I. In the 
third and least toxic group are placed the two lots of flowers grown from 
Japanese seed at East Mailing and Wye, and containing 0*20 and 0-18 
per cent., respectively, of pyrethrin I. In addition to the difficulty of 
reducing toxicity data to an expression by two figures, the above method 
of representation can only be regarded as approximate owing to the 
wide separation of concentrations tested; but it should be stated that 
a more complete examination of the full data, given by Fryer, Tatters- 
field and Gimingham ((i), p. 430), gives general confirmation for the 
deductions drawn. It is, therefore, hardly a matter of doubt that the 
acid method is as suitable for testing flowers from Japanese seed as it 
is for those grown from Swiss seed, and it seems almost certain that the 
poisons are identical in the two cases. 

Short method for determining pyrethrin I. 

The acid method of analysis takes several days to complete and the 
number of operations required is somewhat large. Seeing that pyrethrin I 
has been shown to be much the more important poison of the two ( 5 ), 
it was considered advisable to attempt to devise a more expeditious 
method for its determination. Even if this method were only ap- 
proximately correct, it would be of great use in sieving out good from 
poor samples and so materially lessening the labour of differentiating 
between a large number of different specimens. The longer method could 
then be limited to the analysis of this smaller group. The following 
method has accordingly been applied to a number of samples previously 
analysed by the longer method. 
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10 gm. of the ground pyrethrum are extracted in a Soxhlet apparatus 
by means of petroleum ether (boiling range 40 to 50° C.), which is kept 
vigorously boiling over a carbon-filament lamp. The extraction is con- 
tinued until the ether draining over is colourless. The petroleum ether 
solution which should have a volume of approximately 50 c.c. is then 
poured into a long-necked flask of 100 c.c. capacity, subsequently used 
for distillation, the extraction flask being rinsed once with a little 
petroleum ether, 4 to 5 c.c. of Nj\ caustic soda in methyl alcohol added 
and the mixture vigorously refluxed on the water-bath for 1J-2 hours. 
The mixture is then acidified with Nj\ sulphuric acid and distilled in 
steam in the apparatus previously described (f>). Petroleum ether distils 
first and until it is completely removed, a flame is not placed under the 
distillation flask. To prevent risk of fire the worm-condenser is attached 
to the receiver by means of a cork with two holes, one of which contains 
a glass tube with a length of indiarubber tubing to carry any in- 
flammable vapour away from the flame. Distillation is continued until 
50 c.c. of aqueous distillate stand below the petroleum ether in the 
receiver, after which another flask is attached and distillation continued 
until a further 50 c.c. have distilled. The whole of the first distillate is 
then transferred to a fairly large separating-funnel and vigorously shaken 
for one minute, the aqueous layer is separated and the petroleum ether 
layer, after washing once with water, is run off into a flask containing 
20 c.c. of water, to which a few drops of alcohol and phenolphthalein 
have been previously added together with just enough alkali to render 
the liquid a faint pink. Titration is carried out with Nj 50 soda until the 
aqueous layer is distinctly alkaline after vigorous shaking in the corked 
flask. The second 50 c.c. of distillate is added to the first aqueous fraction 
(which has already been extracted once), vigorously shaken in a 
separating-funnel with 50 c.c. of petroleum ether, the washed petroleum 
ether layer added to the titration flask and the titration finished as 
before; very little additional A/50 soda is usually required. After 
deducting a blank which should be determined for the petroleum ether 
(about 0*2 c.c. A/50 soda), the monocarboxylic acid and pyrethrin I 
content can be calculated, the following factors being used: 

1 c.c. A/50 alkali =-= Ya = 3-36 mg. monocarboxylic acid, 

» = Yo" = 6*6 mg. pyrethrin I. 

Table I includes data obtained by this method and indicates how 
close are the agreements with the figures obtained by the longer process. 
Thus, while the method gives results of sufficient accuracy for most 
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purposes, it can be carried out in a few hours and on a small amount 
of material. So far, however, we have not found it possible to determine 
the water-soluble acid in the residue from the distillation, but as pyre- 
thrin II is less toxic than pyrethrin I, this is not a serious omission. 

Summary. 

1. The acid method previously described has been used to evaluate 
samples of pyrethrum derived from both Swiss and Japanese seed, with 
equally successful results. 

2. A rapid method for the eval uation of pyrethrum by a determination 
of pyrethrin I is described. 
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Introduction. 

Earlier experiments have shown that the toxic action of sulphur on 
the winter sporangia of Synchytrium endobiolicum in soil varies con- 
siderably under different conditions both of season and of soil type (9, io). 
There is evidence from the Rothamsted field (9, 10) and pot experi- 
ments (3) and from the pot experiments of Weiss (li) which suggests that 
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high soil acidity such as may arise from the oxidation of sulphur to 
sulphuric acid may alone be sufficient to kill the fungus, but the degree 
of acidity 1 required is too great for fertility. Certain of the results 
obtained (9, 3), however, suggest that sulphur has a second mode of toxic 
action which is effective at much lower acidities under certain unknown 
conditions. Researches dealing with the oxidation of sulphur in soil 2 , 
considered in conjunction with purely chemical investigations on in- 
organic sulphur compounds 3 , suggest that a variety of compounds may 
be formed during the course of the oxidation of sulphur to sulphuric 
acid, and it is possible that one or more of these may be responsible for 
this second toxic action. If some form of sulphur is ever to serve as a 
practical means of controlling wart disease in the soil it is more likely 
to be by means of this second type of toxic action than by raising the 
soil acidity. It was decided, therefore, to attack the problem of the 
variability of the action of sulphur as a soil fungicide by determining 
which of the compounds, at all likely to be formed when sulphur is 
added to soil, are toxic to the fungus, as a preliminary to determining 
the conditions under which such a compound might be formed in the 
soil. Since those compounds which are more toxic than sulphuric acid 
are the most likely ones to contribute to the solution of the problem, 
sulphuric acid was taken as the standard with which to compare the 
toxicities of the other compounds. 

Experimental. 

A. Chemical . The compounds that have been tested are arranged 
schematically in Fig. 1 in order of the degree of oxidation of sulphur 
and are placed as far as possible under the oxides from which they may 
be considered to be derived. The formulae of compounds, the existence 
of which has not been proved, are placed within square brackets. All 
the compounds were tested for purity, whether they had been prepared 
specially for the work or had been obtained already prepared (see 
Appendix I). 

B. Biological. Winter sporangia of the fungus were obtained fairly 
free from other organic matter by removing the outer parts of ripe 
decaying warts, pressing them through fine muslin and centrifuging in 

1 About pH 3*4 according to the Rothamsted experiments, and pH 3-9 according to 
Weiss (11). 

2 Of especial interest are the papers of Guittonncau (5, 6) and Guittonneau and 
Keiling (7), the first of which gives a key to the extensive literature on the subject. 

3 The present position of our knowledge of these compounds is summarised by Bassett 
and Durrant(2). 
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Fig. 1. Formulae of compounds tested, arranged according to the state of oxidation 

of the sulphur. 


water 15 times for 25 seconds. Portions about 3 mm. in diameter of 
the damp sporangial material containing large numbers of sporangia 
were treated with 3 c.c. of the solution, the toxicity of which was to be 
estimated. After the required periods of exposure, usually 24 hours and 
10 days, the sporangia were well washed and their viability tested. As 
they cannot yet be made to germinate in sufficient numbers in a reason- 
ably short period of time, an indirect method of testing their viability, 
and so of estimating the toxicity of the compounds, was used. This 
depends on the differential staining in an aqueous solution of acid fuchsin 
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sporangia treated with sulphuric acid. 
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of the contents of dead and living sporangia and has been described in 
a previous paper (i), where evidence of the reliability of the method is 
brought forward. The sporangia were mounted in 2 per cent, aqueous 
acid fuchsin under a coverslip which was gently pressed so as to expel 
the sporangial contents while under microscopic observation. Three 
counts of 20 sporangia were made for each test, and the numbers were 
recorded of (1) those which stained rapidly and deeply, as do dead 
sporangia, (2) those which stained faintly and slowly like living sporangia, 
or (3) those which were regarded as intermediate. The numbers of 
sporangia falling into each of these groups after treatment with the 
different sulphur compounds gave a measure of their toxicity. 

Comparison of Toxtcities. 

Standard for comparison . Sulphuric acid. 

Sulphuric acid has been taken as the standard with which to compare 
the toxicities of all the other compounds tested. A comparison of the 
results obtained from five similar tests with sulphuric acid, carried out 
at different times over a period of nearly two years, is shown in Fig. 2. 
The degree of variation shown includes that existing between different 
samples of sporangia at different times, together with any subjective 
observational variation 1 in placing the line of demarcation between the 
three groups, a process which requires some experience. A test with 
sulphuric acid was always carried out with each new batch of sporangia. 

Sulphuric acid at the end of one day is completely toxic in normal 
solution and only slightly so in deci normal. At the end of 10 days 
about three-quarters of the sporangia are killed in decinormal solution. 

Sulphuric , Dithionic and Sulphurous Acids , and their 
Neutral Alkali Salts. 

The neutral alkali salts of sulphuric, dithionic and sulphurous acids 
exerted little, if any, toxic action, suggesting that the *Na, ’K, "S0 4 , 
"S 2 0 6 and "S0 3 ions into which these salts are dissociated are non-toxic 
in neutral solution (Fig. 3). 

The acids themselves were completely toxic ( i.e . all the sporangia 
dead) in 10 days in normal 2 , and partially so in decinormal solution 
(Fig. 3). The toxicities of these three acids were approximately equal 
when compared at the same normality. This coincidence suggests that 

1 The Viability tests were all carried out by one worker, i.e. M. D. Glynne. 

2 Sulphur dioxide is insufficiently soluble in water for it to be possible to make up a 
normal solution, so only decinormal and more dilute solutions were tested. 
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the "S0 4 , *S 2 0 6 and "S0 3 ions are also non-toxic in acid solution and 
that the equal hydrogen-ion concentrations of solutions of the same 
normality is the cause of their equal toxicities, in other words, that 
these three acids owe their toxicities mainly to their hydrogen-ion 
concentrations. 

If this deduction be valid, then no acid should be less toxic than 
sulphuric when compared at the same hydrogen-ion concentration, and 
if an acid is of greater toxicity than sulphuric acid it would suggest 
either that its anion is toxic or that a toxic impurity is present in the 
solution. 

For instance, none of the samples of hydrochloric or nitric acids 
tested had a toxicity less than that of sulphuric acid. (The toxicity 
figures obtained for hydrochloric acid at different times varied to an 
unusual degree but the lowest value is probably nearest the truth for 
the pure acid. The greater toxicity of the other two is probably due to 
the small amounts of free chlorine which so often occur in the concen- 
trated acid.) 

The conclusion is further strengthened by the fact that no acid 
tested in the course of this work was less toxic than sulphuric acid and 
by the fact that trithionic, tetrathionic and pentathionic acids were 
found to be of the same degree of toxicity as sulphuric acid (see Fig. 4, 
P* 176). 

If the above acids owe their toxicities mainly to their hydrogen- 
ion concentration, then it follows that high acidity alone can kill the 
sporangia. The pH value of 2V/10 sulphuric acid, which in 10 days does 
not kill all the sporangia, is about 2, a value far below any found in 
fertile soil; even the value 3 for JV/100 acid, which is of very low toxicity, 
is too low for fertility in soil and is definitely lower than the critical 
value found in pot experiments, viz. 34. Possibly this enhanced toxicity 
in the soil is due to some indirect effect of the acidity on the soil such 
as the liberation of toxic salts, e.g. those of manganese. 

It has however been shown that the total effect of soil acidity does 
not account for the toxicity of sulphur under all conditions, so that 
another cause remains to be found. 

Polythionic Adds. 

Evidence had been obtained by one of us 1 that pentathionate is 
formed in soils to which sulphur has been added. The polythionic 
acids, in particular pentathionic acid, have been suggested by Young ( 12 ) 

1 W. A. Roach. 
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as the cause of the general fungicidal action of sulphur. The toxicities 
of these compounds are therefore of special interest. 

The sulphur content of equimolecular solutions of sulphuric, tri- 
thionic, tetrathionic and pentathionic acids varies in the ratio of 
1 : 3 : 4 : 5. In comparing the toxicity of sulphur in different chemical 
combinations it is necessary to test solutions containing equal quantities 
of sulphur. As the hydrogen ion has been shown to be toxic, all these 
solutions must also have the same hydrogen-ion concentration. These 
two ends are attained by adding to sulphuric acid of the requisite con- 
centration a sufficient quantity of a neutral salt of the acid to be tested 
to supply a quantity of sulphur equal to that already contained in the 
sulphuric acid. 

To take the polythionic acids as an example, to 1 litre of normal sulphuric acid 
is added J gm. molecule of barium trithionate Ba 2 S 3 0 6 , or l gm. molecule barium 
tetrathionate Ba 2 S 4 0 6 , or ^ gm. molecule barium tetrathionate BaS 6 0 6 respectively. 
The barium in each solution is precipitated, taking with it an equivalent amount of 
sulphate, but the normality of the solutions in respect to total acidity is unaltered. 
Thus the normalities of the three solutions are 2 JV/3 (in regard to H 2 S0 4 ) + 2V/3 (in 
regard to H 2 S 3 0 6 ), 3 N / 4 (in regard to H 2 S0 4 ) + N / 4 (in regard to H 2 S 4 O tt ), and 4 N/5 
(in regard to H 2 S0 4 ) -f N/5 (in regard to H 2 S 5 O c ), respectively. Since all of these acids 
are strong ones their hydrogen-ion concentrations will not vary sufficiently in the 
above series to cause any variation in toxicity detectable by the method employed, 
so that these solutions have approximately the same hydrogen-ion concentration 
and contain equal quantities of sulphur in the various chemical combinations. They 
vary in their contents of "S0 4 ions but evidence that these are non-toxic has been 
brought forward. 

Such solutions are all normal in regard to acidity and so may be 
designated A/1, but the symbol ’ H/I , representing as it does 1 gm. 
equivalent of hydrogen ions per litre, is perhaps more suited to the 
present purpose. They all contain \ gm. atom of sulphur per litre and 
so are conveniently represented in this respect by the symbol S/2; 
combining these two symbols we have ’/// 1, S/2. When the above 
solutions are 10 times diluted they will be represented by the combined 
symbol */// 10, S/20 and when diluted 10 times again 'H/ 100, S/200, 
and so on. 

The three polythionic acids themselves were of the same order of 
toxicity as sulphuric acid (Fig. 4, cols. 1, 2, 5, 7). Neutral solutions of 
their alkali salts (Fig. 4, cols. 4, 6, 8) were non-toxic. Sodium tri- 
thionate solution as tested in the first instance was almost completely 
toxic in 10 days in S/2 solution and slightly toxic in S/20 solution (col. 3). 
The solution became slightly acid on standing; this toxicity however 
was not found when the solution was carefully kept neutral by adding 
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Fig. 4. Toxicities of polythionic acids and their salts compared with that of sulphuric acid. 
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excess of calcium carbonate and by driving off sulphur dioxide by means 
of a slow stream of carbon dioxide (col. 4). The toxicity of the faintly 
acid solution will be referred to later (p. 182). 

As none of the three polythionic acids is much more toxic than 
sulphuric acid, they do not appear to play an important part in the 
fungicidal action of sulphur towards Synchytrium endobioticum . 


T hiosulphuric Acid , T hiosidphate, etc. 

Sodium thiosulphate itself has no appreciable toxicity (Fig. 5, col. 3); 
but when it is acidified with sulphuric acid it has a high toxicity which 
shows itself with unusual rapidity, as indicated by the results obtained 
after treatment for one day only (Fig. 5, col. 2). Thiosulphuric acid is 
unstable except in dilute solution, as is shown by the fact that both the 
S/2 and the S/20 solutions rapidly deposit sulphur and give off sulphur 
dioxide. The toxicity of the solution might therefore be due either to 
the products of decomposition or to the undecomposed thiosulphuric 
acid. Sulphurous acid and polythionic acids, which are known to be 
products of the decomposition, arc insufficiently toxic (Fig. 3, col. 2, 
Fig. 4, cols. 2, 5, 7) to account for the high toxicity of acidified thio- 
sulphate solution. 

As acidified thiosulphate solutions have powerful reducing properties, 
toxicity tests were carried out with sodium hydrosulphite Na 2 S 2 0 4 , also 
a powerful reducing agent, which may possibly be formed in the de- 
composition of thiosulphuric acid. These were carried out both in neutral 
and in acid solutions. The solution of sodium hydrosulphite, which gave 
at first a slight but increasingly acid reaction and smelt strongly of 
sulphur dioxide, was definitely toxic (Fig. 5, col. 5). A neutral solution of 
the salt was obtained by adding calcium carbonate and passing a stream 
of carbon dioxide through the solution to remove the sulphur dioxide 
formed. Under these conditions the toxicity was negligible (Fig. 5, col. 6). 
When sulphuric acid was added to sodium hydrosulphite the resulting 
solution showed the same high order of toxicity as acidified thiosulphate 
(Fig. 5, col. 4). Now hydrosulphurous acid H 2 S 2 () 4 is a mixed anhydride 
of sulphurous and sulphoxylic acids; as may be seen from the following 
formulae : 
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In solution it behaves as a mixture of these two acids. It has been 
shown that sulphurous acid (Fig. 3, col. 2) is not highly toxic, so sulpho- 
xylic acid remains as the possible toxic agent. Neither free sulphoxylic 
acid nor its sodium salt are known to exist but the sodium salt is 
known in combination with formaldehyde as the compound sodium 
formaldehyde sylphoxylate. 

H 

HO— (L-O— S— 0 Na. 

k 

This substance was found to be non-toxic in neutral solution (Fig. 5, 
col. 7). (The fact that it is less toxic than the formaldehyde which it 
“contains” is probably due to the formaldehyde suffering a molecular 
rearrangement on combination with the sodium sulphoxylate. That 
such a rearrangement does take place has been established by chemical 
means.) In acid solution (Fig. 5, col. 9) however it develops approxi- 
mately the same degree of toxicity as acidified thiosulphate. Thus the 
three very unstable solutions obtained by liberating thiosulphuric, 
hydrosulphurous and sulphoxylic acids respectively from their salts by 
the addition of sulphuric acid are of the same high order of toxicity. 
From the work of Bassett and Durrant(2) and others cited by them it is 
obvious that these three acids are very closely interrelated, so that it 
seems possible that the toxicity of all three solutions may be due to the 
same substance formed from all three acids. All three solutions contain 
a variety of compounds but they are definitely known to contain thio- 
sulphuric acid. It is possible therefore that the toxicity of all three 
solutions may be due to free thiosulphuric acid or some compound 
closely related to it, such, for instance, as Bassett and Durrant’s postu- 
lated anhydro-acid. 

An attempt was made to discover whether the toxicity of acidified 
thiosulphate solutions is due to some transitory compound formed as 
an intermediate product in the decomposition of the liberated thio- 
sulphuric acid or to some compound contained in the more or less 
balanced solution which is known to be obtained a few hours after the 
acidification. The instability of many of the sulphur compounds formed 
and the length of exposure of the sporangia necessary for any measurable 
toxicity to show itself, constitute serious difficulties in determining the 
toxicities at all accurately. The following experiments, however, were 
carried out: a stock solution of 17/10, S / 20 acidified thiosulphate was 
made up and its toxicity was tested periodically. Samples of the clear 
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liquid, as free from precipitated sulphur as possible 1 , were withdrawn 
at the end of 0, 1, 2, 4, 6, 8 hours, 1, 2, 4 and 7 days respectively. 
Sporangia were then treated with each sample for 24 hours. The toxicity 
figures obtained were constant within the limits of experimental error. 
Samples of an #/100, S/200 thiosulphuric acid solution were tested 
immediately after the solution was made up, at the end of 1 day and 
at the end of 7 days. The toxicity of all three samples was approxi- 
mately the same. 

If the toxicity is due to a transitory intermediate compound it should 
decrease after the disappearance of the compound sometime after the 
solution is made up. Since the toxicity does not decrease appreciably in 
7 days it cannot be due to such a transitory intermediate compound 
but to a constituent of the balanced solution. 

To determine which constituent of the balanced solution is respon- 
sible for the toxicity is of even greater difficulty and uncertainty. The 
chemical work done on acidified thiosulphate by Bassett and Durrant(2) 
and others, taken in conjunction with the facts already recorded in this 
paper, point to thiosulphuric acid itself or some compound closely 
related to it as the most likely toxic substance of those known to be 
present in the solution, viz. thiosulphuric acid (in small quantity), tri-, 
tetra-, and penta-thionic acids, sulphurous acid, sulphuric acid, sulphur 
(except in dilute solutions), etc. A further test was devised to give 
evidence on this question. 

Since sulphurous acid is a decomposition product of thiosulphuric 
acid, the replacement of sulphuric acid by sulphurous acid in making 
up the solution will tend to produce a greater concentration of thio- 
sulphuric acid in the equilibrium mixture obtained without appreciably 
affecting its acidity. A comparison of the toxicities of corresponding 
members of the two series was therefore made. (For details re making 
of these solutions see Appendix II, p. 189.) 

As sulphuric and sulphurous acids in equal concentrations have about 
the same toxicity, any difference in toxicity found between members 
of a pair in the two series may be attributed to some indirect effect on 
the equilibrium mixture. The results (Fig. 6) show on the whole a 
slightly greater toxicity in the solutiQns in which sulphurous acid is in 
excess, but the differences are too small and irregular to warrant a 
definite conclusion. 

1 The liquid was not filtered because in doing so sulphur dioxide would be lost by 
evaporation and oxygen would be absorbed; both of these changes are likely to oause 
changes in the amounts of the other compounds in the balanoed solution. 
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The precipitation of sulphur in the solutions after they had been 
allowed to stand overnight, i.e. 12 hours, is indicated in Fig. 6. An S/500 
“excess sulphuric acid” solution, which was very slightly cloudy, corre- 
sponded with an “excess sulphurous acid” solution of concentration 
between 8 / 200 (clear) and >S/1 00 (cloudy), so that if the toxicity were due 
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to the separated sulphur then the excess sulphurous acid solutions should 
be between two and a half and five times as toxic as the excess sulphuric 
acid. The fact that the toxicities do not correspond with the degree of 
separation of sulphur suggests that there is no connection between 
toxicity and colloidal sulphur or sulphur in a finely divided state. 
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Estimations of the amounts of thiosulphuric acid in the various 
solutions hitherto have given unreliable results so that it has not yet 
been possible to establish a quantitative relationship between thio- 
sulphuric acid and toxicity. The qualitative evidence obtained, however, 
appears to justify the tentative conclusion that in solutions of the 
sulphur compounds considered, which are more toxic than sulphuric 
acid at the same hydrogen ion concentration, the excess toxicity is due 
to thiosulphuric acid, or some compound closely related to it, and 
formed from it on acidification. 

On this theory the previously unexplained toxicity of trithionate 
solution becomes clear (pp. 176, 177). It becomes acid on standing, 
and in slightly acid solution it is known to decompose, giving rise to a 
certain amount of thiosulphuric acid. As the salt is non-toxic when its 
solution is kept neutral it seems probable that the toxicity of the solution 
of the salt which is not kept neutral is due to the thiosulphuric acid 
which is produced. Whereas both S/2 and S/20 solutions of sodium 
trithionate decolorised definite amounts of iodine after standing 10 days, 
solutions of trithionic acid, which was not more toxic than sulphuric 
acid, decolorised no iodine, showing that no thiosulphuric acid had been 
formed. Solutions of dithionic, tetrathionic and pentathionic acids and of 
their sodium salts also had no definite iodine value after standing 10 days. 

Hence all the facts so far considered support the conclusions: first 
that the toxicities of all the sulphur acids so far considered which do 
not give thiosulphuric acid as a decomposition product are conditioned 
by their hydrogen ion concentrations ; and secondly, when thiosulphuric 
acid is formed it bestows on the solution a greatly enhanced toxicity. 

Sulphides and Poly sulphides. 

Sulphides and polysulphides cannot be looked upon as intermediate 
products in the formation of sulphuric acid from sulphur, but they are 
included because of the possibility of their formation either from sulphur 
itself or from the intermediate products so far considered. 

Though sulphur does not appear to exist in a normal soil in the state 
of sulphide, sulphuretted hydrogen is so often a product of decomposition 
of most of the compounds so far investigated that it seemed necessary 
to test the toxicity of sulphur in this form. 

Sulphuretted hydrogen. To make up each solution the appropriate 
quantities of pure sodium sulphide and sulphuric acid were shaken 
together until all the solid had dissolved. An S/2 solution could not be 
made up because sulphuretted hydrogen is insufficiently soluble, its 
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saturated solution at room temperature being approximately S/8 . It is 
seen that sulphuretted hydrogen solution, or hydrosulphuric acid as this 
solution is sometimes called, has only a low degree of toxicity (Fig. 7, 
col. 5). 
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* Saturated solution. 

Fig. 7. Toxicity of sulphides, polysulphides, etc., compared with that of sulphuric acid. 

Sodium sulphide . S/2 sodium sulphide solution was prepared by 
dissolving the pure solid in water. The toxicity of the solution is 
probably explicable in terms of its alkalinity (Fig. 7, col. 6). Sodium, 
hydroxide is seen to be more toxic than sulphuric acid when compared 
at equivalent concentrations. 

Calcium polysulphide was prepared by the usual laboratory method. 
It is seen to be only slightly toxic (Fig. 7, col. 3) and such toxicity as it 
has may well be due to its alkalinity. In the “ acid calcium polysulphide ” 




Fig. 8. Toxicity of oxidising agents. 
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the solutions were diluted with N/ 100 sulphuric acid instead of with 
water. The two more concentrated solutions still remained alkaline and 
their toxicities were little, if at all, affected by the addition of the small 
quantity of acid. The most dilute solution, however, was slightly acid 
and its toxicity was considerably increased by the addition of an amount 
of acid which alone had little toxicity (Fig. 7, cols. 3-4). The small 
quantity of thiosulphate which calcium polysulphide solutions almost 
invariably contain, which when acidified would set free thiosulphuric 
acid, was probably the cause of this increase in toxicity. 

Sulphides and polysulphides do not appear to be sufficiently toxic 
to Synchytrium endobioticum to play any important part in the fungi- 
cidal action of sulphur, especially as not more than minute quantities of 
them ever occur in normal soils to which sulphur has been added; they 
were therefore not tested further. 

Oxidising Agents. 

It is known that the slow combustion of sulphur in the air gives 
rise to the formation of hydrogen peroxide. This in the presence of the 
sulphuric acid which also is a product of the slow oxidation of sulphur 
in air might well form persulphuric acid. In fact Barker, Gimingham 
and Wiltshire (l) observed that a potassium iodide starch paper held near 
warm moist sulphur soon became blue; a similar paper also turned blue 
when moistened with the liquid draining from the moist sulphur. The 
toxicities of hydrogen peroxide and persulphuric acid are therefore of 
interest although we have at present no evidence of the formation of 
either of these compounds in soil and sulphur mixtures. 

Persulphuric acid and potassium per sulphite. From Fig. 8, col. 2, it 
is seen that persulphuric acid has a high toxicity. After 10 days an 
5/200 solution, i.e . one to which 0*0016 per cent, sulphur was added in 
the form of persulphuric acid, was about as toxic as an S/ 20 solution 
of sulphuric acid, i.e. persulphuric acid is about ten times as toxic as 
sulphuric acid. Potassium persulphate solution also had a definite 
toxicity (Fig. 8, col. 3), which however was only about one-tenth that 
of the acid itself. By the end of the test the solution had become acid, 
so the compound was tested again in a solution kept neutral by being 
agitated gently with an excess of barium carbonate. Under these con- 
ditions its toxicity was small. 

Hydrogen peroxide solutions of the same oxidising powers as the 
persulphate solutions were tested. Hydrogen peroxide in neutral solu- 
tion was of low toxicity. In sulphuric acid solution it was highly toxic, 



186 Sulphur Compounds and Synchytrium endobioticum 

in all probability, owing to the formation of persulphuric acid (Fig. 8, 
cols. 4 and 5). 

Chloric and perchloric acids were tested to see whether other strong 
oxidising agents were also toxic. Chloric acid was of approximately the 
same toxicity as sulphuric acid and perchloric acid about ten times as 
toxic and the neutral salts non-toxic (Fig. 8, cols. 6, 7, 8, 9). To follow 
the question further was considered outside the field of the present 
investigation though interesting problems suggest themselves. 

Summary. 

The toxicities towards the winter sporangia of Synchytrium endo- 
bioticum of certain of the simpler sulphur compounds which are at all 
likely to be formed when sulphur is added to soil were tested and com- 
pared with that of sulphuric acid. 

Sulphuric (H 2 S0 4 ), sulphurous (H 2 S0 3 ), dithionic (H 2 S 2 0 6 ), trithionic 
(H 2 S 3 0 6 ), tetrathionic (H 2 S 4 0 6 ), and pentathionic (H 2 S 6 0 6 ) acids were 
toxic and this toxicity was of the same order in each case at the same 
hydrogen ion concentration. Their neutral salts were non-toxic. These 
facts suggest that the toxicities of these acids are mainly due to their 
hydrogen ion concentrations. 

Acidified solutions of sodium thiosulphate Na 2 S 2 0 3 , sodium hydro- 
sulphite Na 2 S 2 0 4 and sodium formaldehyde sulphoxylate were about 
ten times as toxic as sulphuric acid. * 

Evidence is brought forward which suggests that the toxicity of 
these acidified solutions, in excess of that accounted for by the hydrogen 
ion concentration, is due to the thiosulphuric acid present in each of 
them. In view of the experimental difficulties due to the instability of 
some of the compounds and the length of time taken by them to exert 
their toxic action on the fungus investigated, this conclusion must be 
regarded as tentative. 

Of the other compounds tested sodium hydroxide was found to be a 
little more toxic than sulphuric acid and persulphuric acid about ten 
times as toxic; hydrogen peroxide, calcium polysulphide and sulphur- 
etted hydrogen were only slightly toxic. 
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APPENDIX I. 

Notes on the Preparation, Purification and Analysis 

OF THE POLYTIHONATES. 

The work described in the main part of the paper has been so dependent on the 
purity of certain of the compounds, especially the polythionates, that it seems de- 
sirable to append brief descriptions of the methods of preparation and purification 
of these compounds and analytical data establishing their degree of purity. 

Sodium trithionate Na 2 S 3 0 6 was prepared by the method described by Plessy (8). 
It was purified until free from thiosulphate. The crystalline precipitate was dried 
over quick-lime in vacuo and kept in a bottle with a well ground-in stopper. 

Analysis (11. xi. 26). The chlorine value determined in a Bunsen 1 oxidation 
apparatus was 94-7 per cent, of the value calculated for pure Na 2 S 3 0 ( .. 0*5 gm. 
substance dissolved in water decolorised 1 drop of N / 20 iodine but not 2 drops; 
honco no more than a trace of sulphite or thiosulphate was present. A solution of 
the substance gave a precipitate with barium chloride. 0*5 gm. substance was dis- 
solved in water and the sulphate precipitated by means of barium chloride in the 
cold. The precipitate was spun down on the centrifuge, the supernatant fluid being 
discarded. The precipitate was alternately suspended in distilled water and spun 
down until the discarded supernatant fluid no longer gave a precipitate with silver 
nitrate. The precipitate was then washed into a weighed crucible, dried, ignited 
and weighed, its weight being 0*0478 gin., which corresponds to 0*0291 gm. Na 2 S0 4 
or f>*8 per cent. Na 2 S0 4 in the salt. This figure is likely to be in excess of the true 
one because of the known property of barium sulphate precipitates of taking down 
salts with them, especially in the cold; thus the figure is in sufficiently close agree- 
ment with the one determined by difference, i.e. 100 — 94*7 = 5*3 per cent. 

As an additional check the total sulphur in 0*5 gm. substance was determined 
by oxidation to sulphate and weighing as barium sulphate. Its weight was 1 *4184 gm. 
Subtracting 0*0478 gm. i.e. the weight of BaS() 4 ccjuivalent to 0*0291 gm. Na 2 S0 4 
we have left 1*3700 gm. BaSG 4 which corresponds to 0*4007 gm. Na 2 S 3 0 6 in the 
0*5 gm. substance, i.e. 93*3 per cent. This figure is lower than the one calculated 
from the chlorine value, viz. 94*7; this fact no doubt is partially explained by the 
high value for the estimated Na 2 S0 4 content. 

The analysis of the sample was taken to be 

Na 2 S 3 0 6 94*7 per cent. J Na^SgOp 95 per cent. 

Na 2 S0 4 5*3 „ in round figures j Na 2 S0 4 5 „ 

Na 2 S0 8 + Na^SgOg trace only v"S0 3 + "SgCX, trace only. 

To make up the solution of trithionic acid the requisite amount of Na 2 S 3 O c was added 
to sulphuric acid of the correct concentration. It had been ascertained that an 
excess of Na 2 S0 4 had no effect on the toxicity of H 2 S0 4 , and therefore presumably 
it would have none on that of H 2 S 3 0 6 either. 

Potassium tetrathionate K 2 S 4 0 6 was prepared by the method described by 
F. Rasohig (Schwefel- und Stickstoffstudien (1924), oh. xxm). 

1 The newer and more acourate method due to Treadwell and Mayr (Z. anorg. u. attg. 
Ghtm, xon (1915), p. 127) had not at this time come to the notice of W. A. Roach who 
was responsible for the chemical part of this investigation. 
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Analysis (29. x. 26). Similar methods to those employed for the trithionate gave 
the following figures: 

K 2 S 4 0 6 99 per cent. 

K^SO, 1 „ 

KaSOj + K 2 S 2 0 3 trace only. 

Barium pentathionate BaS 5 0 6 . Though newer methods were tried the following 
method, which is but a slight modification of the original one for the preparation 
of pentathionates, gave the purest sample of pentathionate obtained in the present 
investigation. 

A Wackenroder solution was made in the usual way by alternately passing 
sulphuretted hydrogen into a saturated solution of sulphur dioxide until there was 
no further smell of sulphur dioxide and allowing to stand overnight, then passing 
in sulphuretted hydrogen again on the morrow when the smell of sulphur dioxide 
had reappeared. In this way a solution containing a mixture of the polythionic acids 
is obtained, in addition to much precipitated sulphur. As more sulphuretted hydrogen 
is passed in so the proportion of pentathionic acid increases and that of the lower 
polythionic acids decreases ; finally the pentathionic acid disappears with formation 
of more sulphur. At the third attempt the passing in of sulphuretted hydrogen was 
discontinued when most of the soluble sulphur was in the form of pentathionic acid. 
The solution was filtered and evaporated on a water bath to about half its bulk and 
filtered again to free from precipitated sulphur. To the almost clear solution barium 
carbonate was added with much stirring. Much sulphur dioxide was expelled, sulphur 
and barium sulphate were precipitated. When excess of barium carbonate had been 
added and well stirred in the liquid it was filtered again. A clear filtrate was obtained. 
To this filtrate first alcohol, then ether was added to precipitate the barium penta- 
thionate, which was collected and washed with alcohol on a Buchner funnel and 
dried in a vacuum desiccator over quick-lime. A further crop of salt was obtained 
from the filtrate by saturation with calcium chloride and purifying the precipitate 
by taking up in water and precipitating with alcohol and ether. 

The powder dissolved readily in water giving a clear solution. The solution gave 
a dense precipitate of sulphur on the addition of concentrated caustic soda. It also 
gave the other tests for pentathionate. A solution containing 0-1 gm. substance did 
not decolorise 1 drop of A/20 iodine. It was therefore practically free from sulphite 
and thiosulphate. 

Analysis . 0*5 gm. powder was boiled with 50 c.c. N/ 10 KC10 3 -f 25 c.c. cone. 
HC1 and the precipitated BaS0 4 filtered off, washed, ignited and weighed; 0*2656 gm. 
BaS0 4 obtained, corresponding to the barium in the powder. The in the filtrate 
was precipitated with barium chloride in the usual way and weighed. 

0*2656 gm. BaS0 4 corresponding to Ba in powder. 

1*3389 gm. BaS0 4 corresponding to in powder. 

Ratio Ba : S : : °' 26 ^^ •: 1-3389 x : : 1 : 5-041 

Theory for BaS 6 O e 1 : 5*000 

1-3389 gm. BaSO, - * 393 - 0-4517 gm. BaS,0, 

Zoo X 0 

(Residue 0*0483 gm. water? BaS 5 0 6 , 2*3 H 2 0) 

Powder was 90*34 per cent. BaSgCV 
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The chlorine value was 91*3 per cent, of the value calculated for BaS f ,O 0 . The value 
90*34 calculated from the barium sulphate precipitate was accepted as probably 
more accurate than the value 91*3 calculated from the chlorine value. 

S/2 solution . Since 0*5 gm. powder gave 1*3389 gm. BaS0 4 the powder contained 


1*3389 x 100 32 

0-5 X 233 


30*78 per cent, sulphur. 


Therefore 25 e.c. 


S/2 solution contain 


32 25 , , 

2 X 1000 “ 0 4 8,,, I ,h,lr - 


0*4 gm. 


sulphur is contained in 1*088 gm. salt. 

Therefore to make up 25 e.c. Na 2 S 5 O fi l*088gm. of the above sample of BaS 5 0 6 
were shaken with 25 c.c. S/2 Na 2 S() 4 and the precipitated BaS0 4 removed by eentri- 
fuging. 

To prepare H 2 S 5 0 6 S/2 H 2 S0 4 was substituted for S/2 Na 2 S0 4 . 


APPENDIX II. 

Notes on the Preparation of the Solutions referred to on pages 180 and 181. 

A graduated series of pairs of solutions was made up, one member of each pair 
having its pH adjusted by means of an excess of sulphuric acid and the other member 
having an equivalent amount of sulphurous acid instead. Each pair differed from 
the preceding pair by being of half the concentration. 25*8 gm. Na 2 S 2 0 3 , 5H 2 0 
were dissolved in water and the solution made up to 2000 c.c.; thus it was an S/\0 
Na 2 S 2 0o solution. 1000 e.c. of this solution were set aside in a Winchester quart 
bottle; 800 c.c. of the remainder were made up to 2000 c.c. with water to form an 
S / 25 Na 2 S 2 0 3 solution. 1000 c.c. of this solution were set aside in a Winchester quart 
bottle. In this way were prepared a litre each of solutions of Na 2 S 2 0 3 of the following 
concentrations: S/ 10, S/2 5, S/5 0, 7?/ 100, N/250, N/500, $/IOOO, which were placed in 
a row in Winchester quart bottles. In a similar manner by starting with 24*8 gm. 
Na^SgOg, 5H 2 0 f 25*2 gm. Na 2 S0 3 for the first solution were prepared a series of 
solutions of the following concentrations: S / 10 Na 2 S 2 () 3 , S/20 Na 2 S() 3 ; S/25 Na 2 S 2 0 3 , 
S/50 Na 2 S0 3 ; ... 77/1000 Na 2 S 2 0 3 , 77/2000 Na 2 S0 3 . These solutions also were con- 
tained in Winchester quart bottles and placed in a row. By the side of each of these 
rows of bottles were placed bottles containing 1000 c.c. of sulphuric acid of the 
following concentrations: ///5, 77/12-5, 77/ 25, H/5 0, 77/ 125, 77/ 250, H/500. Finally 
the appropriate acid solution was added to the "Na 2 S 2 0 3 " or "Na 2 S 2 0 3 + NagSO/ 
solution as rapidly as possible and mixed thoroughly. In this way were obtained 
two series of solutions each of which consisted of solutions of the following concen- 
trations of H 2 S 2 0 3 ; S/20, S/ 50, 77/100, S/ 200, S/500, N/1000, 77/2000. The acidity of 
these solutions in regard to H 2 S 2 0 3 was 77/ 40, 77/100, ... 77/4000. In the first, series 
there was an excess of sulphuric acid to make up the total acidities to 77/10, 77/25, ... 
77/1000; in the second series the excess of acid was in the form of sulphurous acid. 
There was also more sodium sulphate in the second series which, however, can be 
neglected as far as its toxic effect is concerned. 
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ADDITIONAL HOSTS OP SYNCHYTRIUM 
ENDOBIOTICUM (SCHILB.) PERC. 

By MARY S. MARTIN, B.So. 

(Department of Mycology , Rothamsted Experimental Station , Harpenden.) 
(With Plates XVIII and XIX.) 

Introduction. 

In connection with the investigations on Wart Disease of Potato being 
carried out in the Rothamsted Experimental Station it was found 
necessary to test the infectivity of Synehytrium endobioticum on a number 
of additional species of plants. In selecting plants for this experiment, 
it was considered advisable to include not only such species of the 
Solanaceae as occur in the British flora and in cultivation in this country, 
but also certain plants which are weeds and crops of other countries in 
which Synehytrium endobioticum has been recorded. 

F our species of American weeds were selected, Solanum Commersonii 
and Solanum Jamesii to represent the tuber bearing class; Solanum 
nodiflorum and Nicandra physahdes among the non-tuber bearing weeds. 
With the exception of Solanum nodiflorum , these species have been 
tested in America and Solanum Commersonii (7) and Solanum, Jamesii (7) 
found susceptible to wart disease, while infection has not been recorded 
in Nicandra physalodes. 

Among the British solanaceous weeds Solanum nigrum , Solanum 
dulcamara — including a white variety Solanum dulcamara alba, — Datura 
stramonium and Hyoscyamus niger were chosen. Of these Solanum 
nigrum (2), Solanum dulcamara { 2) and Hyoscyamus niger (3) have pre- 
viously been found susceptible and were included rather in the nature 
of controls. 

Solanum dulcamara var. villosissimum and Solanum, mttosum are 
common continental weeds. Solanum \ villosum is occasionally found in 
this country on waste ground in the neighbourhood of docks. Petunia 
viol area , Petunia alba , Salpiglossis sinuata , Nicotiana affinis and 
Nicotiana Sander ae are members of the Solanaceae which are commonly 
met in garden cultivation in this country. As examples of crop plants 
tobacco, tomato, egg plant and winter cherry were chosen. Of the above 
infection has been recorded in tomato (7) and suspected in Salpiglossis. 
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Cultivation of experimental plants. 

The plants were all raised and grown in a warm glasshouse throughout 
the experiments. The seed was sown in clean soil, and as soon as the 
young plants were large enough to handle, they were transplanted into 
pots of seven inches diameter. The compost was made of fresh potting soil 
well mixed with one half its bulk of soil contaminated with Synchytrium 
endobioticum. Previous workers (4, 5), investigating the conditions for 
infection of the potato by Synch ytrium, have found that a certain period 
of excessive moisture in the soil results in a greater percentage of infection. 
In order to maintain these conditions, the pots were not crocked in the 
usual manner but cavings or sphagnum moss was used instead, so that 
there might be a free upward passage of water from the saucers in which 
the pots stood. The seedlings were treated normally until they were well 
established, i.e. from seven to fourteen days after transplanting, then 
earthenware saucers were placed under the pots and the amount of water 
supplied was increased so that some water always remained in the 
saucers. 

Although the plants were grown under these conditions of practically 
water-logged soil until the experiments were concluded they grew well, 
with very few exceptions, and looked particularly healthy — flowering and 
fruiting as satisfactorily as under more normal conditions. 

Methods of inoculation. 

(a) Soil inoculation. 

Decaying potato warts were finely ground and mixed with the 
compost. All the plants were grown in this contaminated soil which was 
kept very moist to give the most suitable conditions for the germination 
of the contained winter sporangia. In susceptible potatoes rapid and 
profuse infection is usually obtained in the collar region. A small amount 
of very highly contaminated soil (ground wart mixed with a little sand) 
was therefore placed around the collars of the experimental plants to 
increase the chance of infection in that area. 

(b) Glynne’s “ grten wart” method. 

This method (5) depends on the more rapid and certain germination 
of the summer sporangia in a green wart in comparison with the resting 
sporangia contained in a black wart. The method consists of placing a 
piece of young and freshly formed wart in contact with the plant to be 



Additional Hosts of Kyuchytriimi endobioticuin 424 

inoculated. A film of water is maintained between the plant and the 
wart to ensure the correct conditions for infection, i.e . free water into 
which the zoospores from the summer sori may be discharged. 

All the wart employed in these experiments was derived from Arran 
Chief potatoes. This variety is very susceptible to SyncJrytri/um endo- 
bioiicum and the warts are produced rapidly and in abundance on the 
young shoots. The warts were removed as soon as they were of a con- 
venient size to handle, from 0-5 cm. in diameter upwards, and while of 
a pale yellow or green colour. 

The actual procedure was as follows. A leaf axil on a plant was 
selected in which the young axillary shoot was just beginning to grow; 
about the third node from the ground level in most cases. A small wart 
or piece of wart was placed in contact with the young shoot and base 
of the leaf and then covered with moist sphagnum moss. The wart and 
moss were tied firmly iu position with bast to ensure contact with the 
host plant. The sphagnum was moistened at regular intervals with water 
to keep the wart fresh and to preserve a film of water between the wart 
and young shoot. 

In 11 yoscya m us niyer the wart was tied to one of the young leaves as 
the plants were in the sessile rosette form, not having produced a central 
stem. 

The wart was left in contact with the shoot for varying periods and 
the plants were examined at intervals for signs of infection. The usual 
period of contact was three weeks, although certain plants showed warted 
outgrowths after fifteen days. 

(c) Attempted localisation of infection by swarm spores . 

This method is a modification of Glynne's method and was tested 
on Arran Chief potatoes. The aim was so to localise the point of inocula- 
tion that the manifestation of the disease might be confidently looked 
for in a small circumscribed area, thus saving much tedious examination 
by lens and eye over a comparatively large area of the shoot. 

Tubers were selected with a shoot about 1 cm. long. The latter was 
preferably situated at the rose end and developing somewhat obliquely 
outwards from the long axis of the tuber. The other shoots were rubbed 
off. Small glass cups were made with a minute aperture near the base 
and so placed that the aperture came in contact with the shoot. Each 
cup was held in position against a young shoot by brass wire. A small 
piece of green wart was put in the cup and a drop of water added to 
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ensure contact between the wart and the small area of tissue exposed 
through the aperture in the bottom of the cup. 

The tubers were placed in an incubator in wire cages and the wart 
frequently moistened. The shoots were examined at intervals for infection 
by Synchytrium but in no case was infection obtained. Although the 
method was not successful in these tests there seems reason to consider 
that some slight modification in the technique might make this an 
extremely useful method. 

Examination of plants. 

Infection from the soil. 

The plants were removed from the pots and the roots and collar 
carefully washed free of soil. They were then thoroughly examined and 
any suspected portions removed and hand sectioned. 

Infection by green wart method . 

The young shoot and leaves of the plant which had been in contact 
with the wart were minutely examined and any portions bearing the 
slightest visible excrescences were removed and fixed in Flemming's weak 
solution. In some cases, even where no roughness or blistering could be 
discerned, samples were removed and fixed, in the hope of finding the 
parasite present in the tissues without any outward manifestation of its 
presence. The material was microtomed and permanent preparations 
made. The results of the experiments are given in Tables I— III. 


Results. 

These experiments on the testing of Solanaceous plants for suscepti- 
bility to Synchytrium endobioticum have resulted in the finding of 
several new hosts for this fungus. Previous work on the infectivity of 
Solanum nigrum , Solatium dulcamara and Lycopersicum esculentum has 
been confirmed, and the following new hosts are here recorded: Solanum 
dulcamara var. villosissimum , Nicandra physalodes, Solanum dulcamara 
alba , Solanum nodiforum and Solanum villosum . Infection has not been 
obtained in Datura stramonium , Hyoscyamus niger , Nicotiana ajfinis , 
Nicotiana Sanderae , Nicotiana Tabacum , Petunia violacea , Petunia alba , 
Physalis Francheti , Salpiglossis sinuata ) Solanum Commersonii , Solanum 
Jamesii and Solanum melongena esculentum . 

The reaction to the Synchytrium varied widely in the different hosts. 
On the majority of the species a definite warty outgrowth developed. 
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The production of a wart however was not taken as a criterion for 
infection. The presence of the parasite, in any stage in the tissues of the 
plant, has been accepted as evidence of a positive infection of the plant 
by Synchytriurn, and tint species so infected has been recorded as 
susceptible to the disease. This was considered the best attitude to adopt 
with regard to the very slight infections noted on some of the species, for 
example Solanum dulcamara var. cdlosissimum , Nicaudra ph/jsa lodes and 
Solatium dulcamara alba, because, although the infection was so slight, 
the parasite appeared to be perfectly healthy and capable of further de- 
velopment. The Synchytriurn was never observed to be in process of dis- 
integration after its entry into the host cell had been effected (l). If the host 
reaction or the amount of outgrowth developed is taken as an indication 
of the susceptibility of the. host(<»), then tomato, which produces warts 
easily, can be regarded as tin* most susceptible species examined. With 
this host a varietal test was conducted, the “green wart” method being 
employed for inoculation purposes, and of the fourteen varieties tested, 
all with the exception of three, Buckley, Sutton’s Every Day and Sutton’s 
Mainorop, proved susceptible to Synchytriurn (see Table II). Kondine 
Hed produced the most rapid reaction to the infection, the warted areas 
on the. leaves being from 1 •()-! *5 cm. in length within fourteen days of 
inoculation. Little pegs of tissue of about 0*5 mm. in diameter and 
1- 2 mm. in height were observed on the leaflets of the variety of 
“Killbaske.t.” These occurred either singly or in groups of two or three. 
Microscopic examination showed them to contain the fungus in various 
stages of growth. This form of host reaction is presumably an early stage 
before the distortion becomes more general over the leaf. In most cases 
the leaves of the plants of the successfully inoculated varieties were 
visibly distorted by the development of the fungus. The test confirms 
the fact that susceptibility to the disease is widespread among the 
varieties of tomato commonly used in cultivation in this country. 

The Solanum group can be classed next to the tomato in degree of 
susceptibility or amount of host reaction. In this group warts were not 
produced with the frequency and regularity shown by the tomato. 
A definite warted outgrowth was produced on the leaf in one plant of 
Solanum nigrum, Solanum nodijlorum and Solanum cillosum respectively. 
The remainder of the infections in these three species and in Solanum 
dulcamara alba were not easily visible as the hypertrophy of the leaf 
tissues had only just begun. 

In the remaining hosts, Solanum dulcamara var. villosissimum and 
Nicaudra physalodev , the infections were not visible to the naked eye. 
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The leaf of the former, which was found to contain Synchytrium in 
various stages, showed no visible external symptoms but in microtome 
section appeared to be slightly thicker than the normal leaf. There was 
none of the usual distortion which accompanies infection as in the tomato. 

The infection in Nicandra physalodes was extremely slight. A young 
parasite was discovered near the median vein of a young leaf which was 
still folded, but its detection was quite impossible without microscopic 
examination. The pad of cells in which the parasite was situated is 
normal tissue covering the vein and not the beginning of hypertrophy 
of the host tissues. 

The duration of these experiments was generally from fifteen to 
twenty-one days, and never more than five weeks, from the time the 
green wart was placed in contact with the shoot until the shoot was 
removed for examination. It is possible therefore, had it been practicable 
to leave the plants for a longer period, that the host reactions would 
have developed to a greater extent and that mature resting sporangia 
would have been found more abundantly in the tissues. 

A varietal test was conducted with tobacco, six varieties being used 
(see Table 111) and the green wart method employed as previously 
described. The results of the experiment were entirely negative. 

The green wart test on Sola tium Commcrsonii and Solan urn Jamcsii 
was attempted too late in the season, the haulms reaching maturity and 
withering before results could be expected. These plants will be tested 
again during the coming season and it is hoped to confirm W eiss's results. 

In all experiments there was a total failure of any infection of the 
plants from the soil which indicates that for experimental purposes the 
green wart method of shoot inoculation is the more reliable. It is dillicult 
to suggest any feasible explanation of the lack of infection from soil 
inoculation. 

Summary. 

Infection of numerous species of Solanaceae by Synchytrium eudohio - 
iicutn has been obtained using (I ly line's “green wart'’ method. Plants 
grown in contaminated soil did not show infection. The following new 
hosts are recorded: Solatium dulcamara var. villus is simum, Nicandra 
physalodes , Solatium dulcamara a Iba^ Solatium nodijlorum and Solatium 
villosum. 

In certain hosts the fungus may occur in the tissues with little or no 
external sign of its presence. 
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Tabic I. 

Inf edibility of different species of host plant . 

No. of plants infected 



r 

No. of plants 

( l) Contami- 

( 2 ) Green 

Species 

inoculated 

nated soil 

wart method 

Datura stramonium 

13 

— 



Hyoscyamus niger 

4 

— 

— 

Solarium dulcamara var. villosissimnm 5 

— 

1 

Lycopersicum eaculmtum 

47 

— 

27 

Nicandra physalodes 

13 

— 

1 

Nirotiana affinis 

4 

— 

— 

Nicotian a Sander ae 

4 

— 

— 

Nicotiana Tabacum 

22 

— 

— 

Petunia violacea 

4 

— 

— 

Petunia alba 

4 

— 

— 

Phy mlis Fra neb eti 

12 

— 

— 

Phy salts (Red fruit var.) 

4 

— 

__ 

Salpi gloss is si n u ata 

10 

— 

— 

Solanum Cominer sonii 

4 

— 

No test 

Solanum dulcamara 

2 

— 

1 

Solanum dulcamara alba 

4 

— 

1 

Solanum. Jamesii 

4 

— 

No test 

Solatium me.longena esculenturn 

8 

— 

— 

Solanum. nigrum 

4 

— 

2 * 

Solanum vodijlurum 

8 

— 

4 * 

Solanum. villosu m 

4 

* One visible wart. 

— 

1 * 


Table IT. 


Tomato . . Varietal test . 


Variety 

A 1 

Ailsa Orai" 

Best of All 
Blaby 
Buckley 
Comet 

Earliest of All 
Fillbasket 
Kondine Red 
Manx Marvel 
Princess of Wales 
Sutton’s Early Market 
Sutton’s Every Day 
Sutton’s Maincrop - 


No. of plants 

inoculated. No of plants 

Green wart- method infected 


3 

o 


3 

2 

o 

2 

3 

o 

lb 

2 

3 

3 

o 

2 


1 

1 

3 

1 

1 

1 

1 

14 

1 

2 

1 
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Table III. 


Tobacco. Varietal test. 

No. of plants 

inoculated. No. of plants 

Variety Green wart method infeeted 

Connecticut 3 — 

Kentuoky 3 — 

Kentucky White Stem 3 — 

Maryland 3 — 

Virginia 3 — 

White Burley 7 — 

I am indebted to Dr W. B. Brierley for helpful criticism and sug- 
gestions received during the course of this work; and to the Director, 
Research and Experimental Station, Cheshunt, Herts, The Director. 
Royal Botanic Gardens, Kew, Surrey, The Regius Keeper, Royal 
Botanic Gardens, Edinburgh, and Martin H. Sutton, Esq., Erlegh Park, 
Whiteknights, Reading, for seed and tubers used in the experiments. 
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EXPLANATION OF PLATES XVIII AND XIX. 

PLATE XVIII. 

Fig. 1. Winter sporangium of Synchytrium endohiolicum, in leaf tissue of Solanum nigrum. 
Fig. 2. Young winter sporangium in leaf tissue of Solanum dulcamara. 

Fig. 3. Five summer sporangia in a sorus in warted leaf of Tomato, variety Manx Marvel. 
Fig. 4. Young winter sporangium in warted leaf of Tomato, variety Best of All. 

Fig. 5. Young sporangia in warted leaf of Tomato, variety Kondine Red. 

PLATE XIX. 

Fig. 1. Sporangia in various stages of development in leaf tissues of Solanum nodiflorum. 
Fig. 2. Warted leaf of Solanum nodiflorum showing sporangia in various stages of 
development. 

• Fig. 3. Sporangium in leaf tissues of Solanum, dulcamara var. vilUmssimum. 

Fig. 4. Young sporangium in leaf tissues of Nicandra physalodes. 

Fig. 5. Young sporangium in leaf of Solanum dulcamara alba. 

Fig. 6. Resting sporangia in warted loaf of Solanum rillosum. 

Addendum. Since going to Pross infection has been obtained on Solanum Jamesii . 

(Received February 21th, 1929.) 
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SULPHUR AS A SOIL FUNGICIDE AGAINST THE 
POTATO WART DISEASE ORGANISM. 


By W. A. ROACH. 

{Late of Department of Insecticides and Fungicides , Rothamsted Experi- 
mental Station; now Biochemist East Mailing Research Station , Kent.) 

(With Eight Text-figures.) 

Introduction. 

The variability in the toxicity of sulphur, when used as a fungicide 
against the organism that causes the Wart Disease of Potatoes, has 
formed the subject of a number of earlier papers (2, 10, 11 , 12) and led in 
1926 to an investigation in the laboratory into the underlying causes. 
The acidity that results from the oxidation of the sulphur to sulphuric 
acid, a process which is known to complete itself in soil in a few weeks, 
having been found to be insufficient to account for the fungicidal 
action (2, 10 , 12), the idea suggested itself that some other compound, 
formed as a result of the interaction of sulphur and soil, might be 
responsible. In assessing the importance of any such compound, account 
has to be taken both of its concentration and of its degree of toxicity. 
At the outset, therefore, the investigation proceeded along two lines: 
(1) the exploration of the chemical changes undergone by sulphur in 
soil, and (2) the determination of the toxicities of compounds formed 
or at all likely to be formed under these conditions. The second part of 
the problem has already been the subject of a communication (12). 

The first-named part of the investigation, viz. the exploration of 
the chemical changes undergone by sulphur in soil, which forms the 
subject of this paper, proved much more difficult. Experiments of as 
simple a nature as possible were carried out to determine what kinds of 
compounds are formed when sulphur is incorporated with soil, and to 
get some idea of the conditions favouring the formation of any such 
compounds as happened also to be toxic to the Wart Disease fungus. 
These qualitative, or only partially quantitative, experiments were to 
have been preliminary to more carefully planned quantitative ones, but 
owing to the writer’s transference to another sphere of work even the 

1 The work described on pp. 85-92 was carried out after the writer had taken 
up hia new appointment. 
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preliminary experiments had to be somewhat curtailed. Nevertheless 
the results obtained, so far as they go, do seem to throw some light on 
the problem and do at least suggest a possible mode of action of sulphur 
as a soil fungicide, hence they are put on record here. Compounds which 
it seems at all likely would be formed as a result of the interaction 
between sulphur and soil fall conveniently into four main classes : 

(i) Sulphuretted hydrogen and other sulphides. 

(ii) Compounds intermediate in state of oxidation between sulphur 
and sulphuric acid. 

(iii) Sulphuric acid and sulphates. 

(iv) The persulphuric acids and their salts, together with hydrogen 
peroxide and ozone. 

These four classes are readily distinguished chemically; sulphuric 
acid and sulphates alone give an immediate precipitate with barium 
chloride, whereas members of the first two classes give such a precipitate 
only after preliminary treatment with strong oxidising agents ; members 
of the fourth class alone give a blue coloration with acidified potassium 
iodide and starch. The first step, therefore, was to seek evidence of the 
formation of any members of these classes of compounds under con- 
ditions as similar as possible to those in the field. The tests were carried 
out mainly on aqueous extracts of the soil. 

Experimental method. 

Soil. Most of the experiments were carried out mainly with two 
kinds of soil : 

1. Ormslcirk soil, taken from the field at the Potato Testing Station 
of the National Institute of Agricultural Botany. This was a typical 
black, peaty, sandy potato soil. 

2. Rothamsted soil, taken from the electro-culture enclosure. This 
soil was a stiff clay, containing numerous small pieces of calcium 
carbonate. 

The soil in each case was allowed to dry under cover until it could 
readily be crumbled, it was then rubbed through a 2 mm. sieve. The 
portion passing through was thoroughly mixed and moistened with 
water by means of a spray imtil a handful on being compressed stuck 
together, but on gentle rubbing with the finger disintegrated again into 
its original particles. Plants grow readily in such a soil. After thorough 
mixing a quantity was weighed out and spread in a uniform layer of 
about J-inch thickness on a clean sheet of paper. The requisite quantity 
of finely ground and sifted sulphur was then distributed as uniformly 
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as possible through a “100 mesh” sieve over the soil. After a pre- 
liminary mixing by hand the soil-sulphur mixture was transferred 
through a 2 mm. sieve to another piece of paper, care being taken that 


each charge of the sieve consisted of portions 
from all parts of the heap. This sifting and 
mixing process was repeated at least six 
times. 

The prepared soil-sulphur mixture was 
usually weighed out in 100 gm. lots and put 
into glass test-tubes placed in constant 
temperature baths at 0°, 15° and 30° C. 
respectively, the ends of the tubes being 
either open to the air or lightly plugged 
with cotton wool. The moisture content 
was made up periodically by dropping water 
slowly from a pipette on to the mixture, 
care being taken not to cause the particles 
to run together. 

Methods of soil extraction. Three methods 
of extraction of the soil-sulphur mixture 
were used. 

1. The 100 gm. sample was placed in a 
glass tube provided at the lower end with 
a rubber stopper through which passed a 
No. L. 1 Chamberland filter candle. Water 
was added, the upper end of the tube then 
closed with a rubber stopper and the whole 
thoroughly shaken by hand. The candle was 
connected to a filter pump through a flask, 
and the upper rubber stopper removed. This 
method gave a small quantity of extract 
within a few minutes of the wetting of the 
mixture, and it was convenient for use when 
speed was essential. It was, however, in- 



convenient for quantitative work, because Fig , Apparatus No. l for ob- 
the rate of filtration slowed down as the taining rapidly a small quantity 


pores of the candle became clogged, and 


of extract from soil. 


unless some salt was added with the second lot of extracting water the 
clay became deflocculated and rendered a second filtration very slow 
indeed. (See Fig. 1.) 
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2 (a). The 100 gm. sample of soil-sulphur mixture was placed in a 
Soxhlet extraction thimble standing in a glass funnel, and water was 
allowed to drop on it at such a rate that it moved from crumb to crumb 
by capillarity without the intervening air-spaces becoming water-logged. 
In this way the most concentrated soil extract was obtained, and it was 
perfectly clear. 5 c.c. of normal sulphuric acid added to and mixed 
with 100 gm. of the soil-sulphur mixture could be extracted completely 
in about 12 hours, as may be seen from the following figures which are 
represented graphically in Fig. 2. 

Total sulphur 
extracted by 
1 ml. water 

o/ 

Zo 

0-519 
0-678 
0-471 
0-046 
0-00 

51-2 



Volume in ml. 

== ml. N / 10 NaOH 

1st percolate 

50 

133 

2nd „ 

70 

24-3 

3rd „ 

50 

12 2 

4th 

60 

1-4 

5th „ 

50 

0-0 



Volume of extract in ml. 

Fig. 2. Amounts of sulphur extracted per ml. water by successive portions of water. 

Sulphuric acid added = 51-25 ml. N / 10 NaOH. Hence 230 ml. water 
extracted all the sulphuric acid from 100 gm. soil. 

2 ( b ). For extracting larger quantities use was made of an elongated 
Buchner funnel, the elongation consisting of a glass tube of the same 
diameter as the funnel and fixed thereto by means of surgical rubber tape. 

3. The apparatus shown in Fig. 4 was used to obtain extracts under 
rather less aerobic conditions than in the last method. 
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Estimation of sulphur in soil . 

Extraction . Acetone was found unsatisfactory as a solvent, because 
it extracted from soil a dark gummy substance which, on subsequent 



'Glass Wool 






Glass Wool 


Sojchlet 
*3L^ Thimble 


Soil -sulphur 
Mixture 


Fig. 3. Apparatus No. 2 6 for ex- 
tracting larger quantities of soil. 


Fig. 4. Apparatus No. 3 for obtaining soil 
extract under partially aerobic conditions. 


oxidation of the extracted sulphur with bromine and nitric acid or by 
other means, gave a yellowish resinous substance highly resistant to 
oxidation. Carbon tetrachloride, however, extracted the sulphur almost 
free from the contaminating gummy substance, even from Ormskirk soil, 
which was particularly troublesome when acetone was used. 

Estimation . The carbon tetrachloride extract was evaporated to 
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dryness on the water bath. The neck of the flask was closed with a 
ground-in tap funnel (the joints were ground so that the flasks would 
fit either the Soxhlet extractors or the ground-in tap funnel), Fig. 5. The 
flask was evacuated and the tap closed. For 0*1 gm, sulphur lOc.c. N/l 
caustic soda was added through the tap without admitting any air and 
the flask was replaced on the water bath and left there until all the 
sulphur had dissolved. In this way any loss of volatile sulphur com- 
pounds was avoided. The oxidation was carried out by means of hydrogen 
peroxide, or, more readily, by potassium bromate and hydrochloric acid, 
as in the method of Treadwell and Mayr(i3). The sulphate formed was 
estimated by one of the recognised methods. 


Absence of sulphuretted hydrogen and sulphides . 


In all the experiments described tests were made for sulphuretted 
hydrogen and sulphides in three ways: (a) by hanging a lead acetate 


paper just above the soil-sulphur mixture, 
(b) by moistening such a paper with the 
extract, and (c) by placing a little soil- 
sulphur mixture on the paper and carefully 
dropping enough water on the soil to cause 
it to adhere to the paper. The paper in- 
variably remained white; and numerous 
other experiments not referred to also gave 
the same negative results. The temperature 
varied from 0° to 30° C. ; the soil varied 
from the typical Rothamsted field soil 
through a rich allotment soil from Rotham- 
sted to the peaty sandy Ormskirk soil,' and 
aeration varied down to complete water- 
logging for more than a week on end. It 
seems unlikely, therefore, that sulphuretted 
hydrogen or other sulphides are ever formed 
under field conditions in sufficient quantity 
to have any appreciable toxic action on the 
Wart Disease fungus, especially in view 
of their low degrees of toxicity. 



Fig. 5. Oxidation flask for method 
of Treadwell and Mayr. 


Absence of per sulphates, etc . 

Numerous tests made on soil-sulphur mixtures kept under even more 
widely varying conditions gave no clear indications of the formation of 
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any substance able to liberate iodine from slightly acidified potassium 
iodide; whenever the blue starch -iodide colour was given in a paper test 
over sulphur-treated soil or in air aspirated through such soil a similar 
colour was also given when untreated soil was substituted for the sulphur- 
treated soil. In no single experiment carried out at temperatures likely 
to be met with in the soil (say up to 30° C.) was there any difference in 
the behaviour of untreated and sulphur-treated soils as judged by the 
intensity of the blue colour developed. In spite of the high toxicity of 
persulphuric acid it seems unlikely that enough could have been formed 
under these conditions to explain the toxicity of the sulphur. In experi- 
ments carried out entirely in solution on soil extracts the results were 
more definitely negative. A blue colour was never obtained on acidifying 
and adding potassium iodide and starch solution to a colourless soil 
extract. 

Compounds of classes (i) and (iii) therefore, are not further dealt 
with in this communication. 

Evidence for the formation of compounds intermediate in state of 
oxidation between sulphur and sulphuric add . 

The following compounds, among others, belong to this class: thio- 
sulphuric acid, H 2 S 2 0 3 ; pentathionic acid, H 2 S 5 0 6 ; tetrathionic acid, 
H 2 S 4 0 6 ; trithionic acid, H 2 S 3 0 6 ; dithionic acid, H 2 S 2 0 6 ; sulphurous acid, 
H 2 S0 3 ; and the salts of these acids.' 

The experimental procedure in testing for the accumulation of these 
substances in soil-sulphur mixtures was to treat the soil extract with 
excess of barium chloride, spin down the barium sulphate precipitate 
on the centrifuge, then treat the solution with potassium chlorate and 
hydrochloric acid, when a further precipitate would indicate the presence 
of one or more of these compounds. (It has already been stated that 
tests for sulphides were uniformly negative.) A number of preliminary 
experiments of this kind indicated that in the Rothamsted soil to which 
sulphur had been added, appreciable quantities of the sulphur were 
oxidised in the course of a few days to compounds which, on oxidation 
with chlorine or other strong oxidising agents, gave sulphate. On a 
number of occasions tests were made for thiosulphate and sulphite by 
precipitating the sulphate with excess of barium chloride, removing the 
precipitate and titrating with iodine. In all experiments except one 
2 drops of decinormal iodine solution were sufficient to give the 
“starch-iodide” blue; in the one experiment, as will be seen later 
(p. 82), 0-2 c.c. was necessary. This evidence, though perhaps suggestive, 



W. A. Roach 


81 


is insufficient to establish the presence of thiosulphate or sulphite. The 
fact that the addition and slight combination of iodine was never 
followed by a further precipitate of barium sulphate proved that if 
either of these two compounds was present it was thiosulphate, which, 
as is well known, gives tetrathionate with iodine, whereas sulphite forms 
sulphate. Whenever an appreciable further precipitate was formed after 
treatment with a strong oxidising agent, another portion of the solution 
always gave a white, or sometimes even a yellow, precipitate of sulphur, 
on the addition of 20 per cent, caustic soda. The solution also gave the 
other tests characteristic of polythionates. Hence the solutions definitely 
contained pentathionate and possibly other polythionates, though the 
lower polythionates cannot be detected by any known qualitative test in 
the presence of pentathionate. The characterisation of the polythionates 
in the presence of each other can be done only by quantitative means. 

The few results of some work along quantitative lines did not justify 
the drawing of definite conclusions. 

A few of the experiments proving the presence of polythionates in 
sulphur-treated soil are given in more detail below. In most of these 
the amount of sulphur added was chosen to correspond with a dressing 
of 1 ton per acre in the field, i.e . 0-1 gin. sulphur was added to 100’gm. 
of the damp soil. 

Experimental results. 

I. Experiment begun , 28. viii. 26. 

Rothamsted soil, 5000 gm., mixed with 5 gm. sulphur (as used at Ormskirk in 
1925). Temperature, 30° C. 

Untreated soil. An extract of 100 gm. of soil was made by means of apparatus 1. 
The filtrate was perfectly clear and neutral in reaction. It gave only a barely per- 
ceptible turbidity with barium chloride and with benzidene; hence it was practically 
free from sulphate. After oxidation with hydrogen peroxide or potassium chlorate 
and hydrochloric acid and subsequent addition of barium chloride, or benzidene, 
the solution became only very faintly turbid; hence it was free from all but minute 
traces of all sulphur compounds. 

8oil and sulphur mixture. The same results as above were obtained with the aqueous 
extract made from the sulphur- treated soil immediately after the sulphur was added ; 
hence there was no appreciable immediate reaction between the soil and sulphur. 

7. ix. 26 (10 days after beginning of experiment ). 

Tube No. 37 percolated by method 2 and sulphato determined by Raschig’s 
benzidine method. 

1st 80 c.c. of percolate = 5*49 c.c. A/10 NaOH 

Next 80 c.c. of percolate = 0-00 „ „ 

¥49 „ 

= 0*018 gm. sulphur as sulphate, 
i.e . 18 per pent, sulphur oxidised to sulphate. 

Joum. Agrio. Sci. xx 


6 
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8. ix. 26. Test for foms of sulphur other than sulphur and sulphate . 

Two tubes of soil were percolated by method 2, till the percolate no longer gave 
a precipitate with barium chloride. Each percolate was treated with excess of 
barium chloride and the precipitated barium sulphato centrifuged off, washed and 
weighed. 

Weights of barium sulphate: (1) 0*0988 gm., (2) 0*1069 gm. The centrifugate, 
which was perfectly clear, was boiled with hydrogen peroxide. There was a further 
small precipitate of barium sulphate, indicating that the solution contained some 
oxidisable sulphur compound soluble in water. 

Weights of barium sulphate: (1) 0*0458 gm., (2) 0*0467 gm. Hence in 11 days 
at 30° C. about 

14 per cent, of the sulphur was in the form of sulphate, 

6 per cent, of the sulphur was present as some compound oxidisable by hydrogen 
peroxide to sulphate, 
and the remaining 

80 per cent, presumably unchanged. 

II. Experiment begun , 21. i. 27. 

Rothamsted soil, 0*2 per cent, sulphur. Temperature, 30° C. 

2. ii. 27 (12 days after beginning of the experiment). 

100 gm. of soil percolated by method 2 and oxidisable sulphur estimated by the 
method of Treadwell and Mayr. 

1st percolate 50 e.c. (12.30-6 p.m. ~ 5£ hr.) = 7*00 c.c. N/ 10 Na 2 S 2 0 3 . 

2nd „ 40 ,, (during night) e: 2*55 „ „ 

3rd „ 50 „ (10a.m.-12.30p.m‘. - 2\ hr.) = 1*35 „ 

4th „ 50 „ (12.30-5.30 p.m. = 5 hr.) =1*02 „ 

5th „ 50 „ (during night) = 0*22 „ „ 

1205 „ 

12*15 c.c. 0*998 N/ 10 Na a S 2 0 3 = 0*0097 gm. S 6 0 6 " sulphur (or about 0*5 per cent.), 
or 0*015 gm. S # 0 6 " sulphur (0*7 per cent.). 

8. ii. 27 (20 days after beginning of experiment). 

Extracts of two separate tubes made by method 3. 

No. 1. 1st 150 c.c. extract treated by Treadwell and Mayr method 

= 7*3 c.c. 0*998 N/10 Na 2 S 2 0 8 , 
or 0*0058 gm. SgOg" sulphur, or about 2*9 per cent. 

No. 2. 1st 150 c.c. extract decolorised 1 drop but not 2 drops N/ 10 iodine. 

Hence no appreciable quantity of S 2 0 3 " or of SO/ was present. 

Two tubes extracted in the same way as the above two but more slowly; the 
extracts being united, mixed and divided into two equal parts. 

1st half decolorised 1 drop but not 2 drops of jV/ 10 iodine. 

2nd half when oxidised in the Treadwell and Mayr apparatus 
=e 9*1 c.c. JV/10 NagSgOg, 

= 0*0073 gm. S 6 0/ sulphur, or 3*6 per cent. 
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9. ii. 27 (21 days after commencement of the experiment). 

Two lots of 500 gm. sulphur-treated soil extracted by method 2 a. 

Polythionate sulphur: 

(1) —75*1 o.c. N/10 bromine or 0-06 gm. S t(i 0 6 " sulphur (6 per cent.); 

(2) ee 500 „ „ 004 „ „ (4 per cent.). 

(1) 50 o.c. solution = 0*20 c.c. N / 10 iodine solution; 

(2) „ „ -0*20 „ 

This was the only indication of any appreciable quantity of thio- 
sulphate or sulphite being formed. This evidence is insufficient on which 
to base the conclusion that a definite amount of thiosulphate or sulphite 
was present in the extract. 

There is definite evidence therefore that in Rothamsted soil kept at 
30° C. pentathionate (accompanied possibly by other polythionates) is 
formed in quantities up to 6 per cent, of the sulphur added. No evidence 
was obtained in these experiments of the formation of any appreciable 
quantities of sulphur compounds intermediate in state of oxidation be- 
tween sulphur and sulphuric acid in Rothamsted soil kept at 15° and 
0° C. respectively. 

Ormskirk soil . Similar but less extensive experiments were carried 
out on Ormskirk soil; in none of the experiments was there any evidence 
of the formation of appreciable quantities of such compounds. 

Hence we have definite evidence of only one compound being formed 
in any appreciable quantity as an intermediate product in the oxidation 
of sulphur to sulphuric acid, viz. pentathionate; but possibly this was 
accompanied by other polythionates. None of the polythionates shows 
any toxicity towards the Wart Disease fungus, however, hence their 
formation on sulphur-treated soil throws no direct light on the mode of 
fungicidal action of sulphur; but it does give a hint of a conceivable 
mode of action. It is well known that polythionates are formed when 
a thiosulphate is acidified, hence the question arises: was the penta- 
thionate foimd in the soil solution formed from pre-existing thiosulphuric 
acid? i.e. does the oxidation take place in some such steps as the 
following : 

sulphur -> thiosulphuric acid -> polythionic acids -> sulphuric acid. 

Much support may be found for this view in the work on the oxidation 
of sulphur in soil and other habitats and by micro-organisms in culture 
fluids reviewed by Joffe(8) and Guittonneau and Keiling(6). Probably 
all of these changes are brought about mainly by micro-organisms, but 
chemical evidence, as reviewed by Bassett and Durrant(i), also supports 
the view that some such series of changes as the above takes place. 

6-2 
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The fact that the presence of thiosulphate in appreciable quantities 
was not definitely established by the foregoing experiments is not 
evidence against the above view. The amount accumulating in the soil 
solution will be conditioned both by the rate of its formation from 
sulphur and by the rate of its change into pentathionate. If, now, the 
soil be extracted, the sulphur is removed with the soil from the reaction 
solution and the source of the thiosulphate disappears; but there is no 
reason for supposing that the change of thiosulphate into pentathionate 
is interfered with materially; thus there is reason for supposing that 
the amount of thiosulphate in the solution will decrease immediately 
the sulphur is separated from it. Hence to test for its formation with 
any degree of certainty it would be necessary either (a) to remove the 
thiosulphate as an insoluble compound actually from the soil solution 
itself, ( b ) to convert it into a compound not changed to pentathionate, 
or (c) to arrest all these changes suddenly such as by very low tempera- 
ture and subsequent extraction with alcohol. An opportimity to carry 
out such experiments did not present itself; but recently work has been 
done which has shown that thiosulphuric acid can exist in a free state; 
a comparison has been made between the degree of toxicity of certain 
solutions and their content of thiosulphuric acid. This helps to assess 
the value of the suggestion that sulphur acts as a soil fungicide through 
the formation of thiosulphuric acid. 

The existence in a free state and the degree of stability of 
thiosulphuric acid. 

The existence of thiosulphuric acid in a free state is commonly denied 
in text books, thus Ephraim (3) states: “the free acid has not been 
isolated, as it decomposes at once into sulphurous acid and sulphur,” 
but, as already indicated in a former paper ((l 2), p. 181), even after 
12 hours an Sj 1000 acidified thiosulphate solution remained perfectly 
clear. Even much stronger solutions remain clear for shorter lengths of 
time. Though acidified thiosulphate decomposes in other ways giving 
rise to products other than sulphur and sulphur dioxide (l), these facts 
do rather suggest that the decomposition of free thiosulphuric acid is 
not instantaneous but requires a definite period of time for completion 
and that the final equilibrium solution in each case will contain definite 
amounts of free thiosulphuric acid. Before this idea could be tested 
analytical methods have had to be modified for the purpose. 

The readiest method of estimating thiosulphate is by titration with 
standard iodine solution, but this method is not applicable unmodified 
in the presence of sulphite, since sulphite also is oxidised by iodine. 
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The sulphite may be precipitated and removed, or more simply it may 
be locked up by treatment with formaldehyde in a compound in which 
it is not acted upon by iodine; the thiosulphate may then be titrated 
with iodine (assuming sulphides to be absent, as in fact they were in 
all the solutions examined). The necessary conditions for concentrated 
solutions were worked out by Kurtenacker (9). Certain refinements, how- 
ever, are necessary before the method is applicable to dilute solutions. The 
modified method will be described before giving the results obtained by it. 

Estimation of thiosulphate in presence of sulphite by a modification of 
K urtenacker s method. 

The essence of Kurtenacker’s method is to neutralise the solution to 
phenol phthalein with ammonia to remove any strong acids, add an 
excess of formaldehyde, then render acid with acetic acid and titrate 
immediately after acidification with iodine solution. Under these con- 
ditions the sulphite is rendered almost completely inactive towards 
iodine, the excess formaldehyde has no measurable effect on iodine and 
any formaldehyde thiosulphuric acid formed is sufficiently unstable to 
allow of rapid titration of the thiosulphate part of it. 

The method exactly as recommended by Kurtenacker was found 
satisfactory for the relatively concentrated solutions with which he 
worked, but in more dilute solutions it became inapplicable. The fol- 
lowing modifications were found necessary or considered desirable. 

Excess of potassium iodule. For iodine -thiosulphate titrations in A/10 
solution the amount of the excess of potassium iodide added does not 
matter within limits, though even in such concentrated solutions a large 
excess causes the colour with starch to be brown rather than blue and 
to fade rather rapidly making the end-point somewhat indefinite. No 
experimental evidence could be found for the desirability of the addition 
of any potassium iodide besides that usually contained in the iodine 
solution. As will be seen later, the error, through omitting to add further 
potassium iodide, is only a small fraction of a drop of A/10 iodine 
solution. The influence of the concentration of potassium iodide in the 
solution titrated is well seen by determining the amount of standard 
iodine solution necessary to give a definite colour in presence of varying 
amoimts of potassium iodide. 

Each solution contained 50 ml. water, 1 ml. 0*5 per cent, starch, 
1 ml. glacial acetic acid. 

ml. 10 % KI added 0 1 5 10 

1 drop iV/100 iodine No colour Pure blue Not pure blue Reddish blue 

2 drops „ Faint pure blue — 

3 drops „ Definite pure blue — — — 
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Thus 2 drops of Nj 100 iodine are sufficient to give a definite though 
faint coloration in 50 ml. solution and 3 drops an easily recognised blue 
colour, without the addition of any potassium iodide other than that in 
the iodine solution. The addition of 1 ml. 10 per cent, potassium iodide 
to 50 ml. solution (i.e. 0*2 per cent. KI) was sufficient to cause 1 drop 
of N/100 iodine solution to give a definite pure blue colour. The colour 
became more and more reddish as more potassium iodide was added, 
becoming brown and finally practically disappearing when large excesses 
were added. 

With 2V/1000 iodine using the same solution as the above the 
following results were obtained : 


ml. 10 % KI added 
1 drop N 1 1 000 iodine 
5 drops „ 

10 drops „ 

25 drops „ 

30 drops „ 


0 0-25 0*5 

Colourless Colourless Colourless 

„ Light blue Light blue 

„ Blue* Blue* 

Just perceptible — — 

colour 

Blue* — — 


1 

Colourless 
Light blue 
Blue* 


Solutions marked (*) were of approximately the same colour. On 
the further addition of 5 ml. 10 per cent. KI the blue colour became 
tinged with red but was hardly any deeper. 

Hence the presence of 0*2 per cent, potassium iodide was sufficient 
to cause 1 drop of iV/100 iodine, to give an easily distinguishable blue 
colour and 5 drops of N / 1000 iodine/to give a definite light blue colour. 
This concentration w r as accepted as the best for the present purpose. 

Excess of formaldehyde. Experiments were carried out to determine 
the minimum amounts of formaldehyde necessary to render inactive 
towards iodine the various amounts of sulphite likely to be dealt with. 
Thus using 1 ml. 35 per cent, formaldehyde in 50 ml. $/200 sodium 
sulphite (+ 1 ml. glacial acetic acid, 1 ml. 10 per cent. KI, 1 ml. 0*5 per 
cent, starch), 1 drop of iV/100 iodine gave a definite colour. With 
quantities of formaldehyde less than 1 ml. more than 1 drop of Nj 100 
iodine was necessary. 

In order to determine whether this amount of formaldehyde had any 
serious effect on the iodine titration under the experimental conditions 
the following solutions were made up: 


A 

50 ml. water 

1 ml. 35 % formaldehyde 
1 ml. 10 % KI 
1 ml. glacial acetic acid 
1 drop N/100 iodine 
1 ml. 0*5 % starch solution 


B 

50 ml. water 

1 ml. 10 % KI 
1 ml. glacial acetic acid 
1 drop iV/100 iodine 
1 ml. 0*5 % starch solution 
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The colour of solution A was visible even without using a beaker of 
pure water for comparison; hence the difference due to an excess of 
1 ml. 35 per cent, formaldehyde was less than 1 drop of A/100 iodine. 

The colour of solution A, however, was fainter than that of solution B ; 
hence even this small amount of formaldehyde had some small effect 
on the iodine, so it was considered undesirable to increase the amount 
more than necessary. This amount was found satisfactory for S/20, 
S/100 and /S/1000 solutions. 

The modified method, therefore, is as follows: to 25 or 50 ml. solution 
are added (in the following order) enough ammonia to render neutral to 
phenol phthalein, 1 ml. 35 per cent, formaldehyde, 1 ml. 10 per cent, 
potassium iodide and 1 ml. glacial acetic acid; immediately after the 
addition of the acetic acid the solution is titrated with iodine. 

The following results demonstrate the degree of accuracy readily 
attainable : 

1. 25 ml. S/100 Na 2 S 2 0 3 -b 25 ml. water -b 1 ml. glacial acetic acid 
4 1 ml. 10 per cent, potassium iodide b 1 ml. 0*5 per cent, starch 

= (12-45), (12-44), 12-49, 12*49 = 12-49 ml. A/100 iodine solution. 

2. The above solution -b 1 ml. 35 per cent, formaldehyde 

12-49 ml. A/100 iodine solution. 

3. Solution 2 with water replaced by 25 ml. S/100 Na 2 S0 3 

ee 12-49, 12-51 = 12-50 ml. A/100 iodine solution. 

By the time the above analytical method had bee]] worked out it 
was no longer possible to test the toxicities of solutions simultaneously 
with their analysis. The best that could be done therefore was to analyse 
solutions made up to be as similar as possible to certain of those the 
toxicities of which had already been determined (12). In that paper 
(p. 181) are given the toxicity figures for a double series of solutions of 
thiosulphuric acid in the presence of excess of sulphuric acid in the one 
series and of sulphurous acid in the other series. 

When a thiosulphate is acidified a variety of compounds are formed 
which exist more or less in equilibrium with each other. As is well 
known, if to such a decomposing compound one of its products of de- 
composition is added, the decomposition tends to be arrested and so 
the equilibrium mixture tends to contain more of the undecomposed 
compound. Thus sulphurous acid being known to be a decomposition 
product of thiosulphuric acid it might be expected that the substitution 
of sulphurous for sulphuric acid in the solution of thiosulphuric acid 
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would result in changes in the equilibrium solution obtained. In par- 
ticular the relation between any undecomposed thiosulphuric acid and 
its decomposition products would be upset. That some such modification 
of the equilibrium mixture was brought about is shown by the fact that 



Connection between concentration and toxicity of thiosulphuric acid solutions in presence 

of excess of sulphuric acid • •, sulphurous acid x x . Spores treated 

for 24 hours. Results taken from Roach and Glynno (12). 



Fig. 7. 

Concentration of thiosulphuric acid after varying lengths of time in presence of excess of 
sulphuric acid • •, sulphurous acid x x . 

the separation of sulphur was different in the two series of solutions, 
hence a comparison of the toxicities of such solutions with their thio- 
sulphuric acid contents might be expected to throw light on the question 
of the degree of connection between them. As may be seen from Fig. 6 
toxicities of corresponding solutions of the two series are the same 
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within the admittedly large experimental error. Similar solutions were 
made up and their thiosulphuric acid contents determined after standing 
for varying lengths of time. The analytical results are shown in Table I 
and Fig. 7. The figures given are the numbers of ml. N / 100 iodine 
solution equivalent to 25 ml. of the solution tested. As a check an aliquot 
portion of each solution was titrated before the acid was added and in 
addition some of the solutions were neutralised and titrated immediately 
after the acid was mixed. It will be seen from Table I that there is no 
justification for the general belief that thiosulphuric acid is completely 
decomposed as soon as liberated; for at the end of the few minutes 
necessary to mix the acid and thiosulphate solutions, pipette off the 
aliquot portion and neutralise it, less than 1 per cent, of the thiosulphate 
had disappeared. 

Table I. H 2 S 2 0 3 . 


s /20 

SI 50 

8/ 100 

SI 200 

A 


A 

A 


( 

Excess Excess 

r ^ 


Excess Excess 

Excess Excess 

Excess Excess 

h,so 4 h 2 so 3 

Hj80 4 H 2 S0 3 

h 2 no 4 h 2 so 3 

ii 2 so 4 h 2 so 3 


Before mixing 

62-4 

58-6 

26-25 

19 2 

12-65 

9-96 

6-265 

5-2 

Immediately after 
mixing 

61-94 

58-4 

2505 

— 

12-6 

— 

— 

— 

4 lir. after mixing 

560 

65-66 

— 

— 

— 

— 

— 

— 

I hr. 

51*1 

52-2 

— 

— 

— 

— 

— 

— 

1 hr. „ 

430 

47-4 

2001 

16-5 

— 

— 

6-21 

5-15 

H hr. 

— . 

— 

— . 

— 

11-9 

9-96 

— 

— 

19 hr. „ 

— 

290 

13 0 

no 

— 

— 

— 

— 

24 hr. „ 

16 '5 

27-25 

— 

— 

6-9 

6-3 

— 

— 

27 hr. 

. — 

— 

7-65 

70 



__ 

— 

— 

44 hr. „ 

100 





— 

— 


— 

— 

7 days after mixing 

— 

— 

3-35 

2-36 

2-7 

2-35 

2-83 

2-8 


Next, the increase of stability of the thiosulphuric acid with dilution 
will be noticed; thus the titration figure for the S / 20 thiosulphuric acid 
with excess of sulphuric acid in 24 hours decreased from 62*4 to 16-5 
( i.e . roughly 26 per cent, left undecomposed), whereas the corresponding 
5/100 solution only decreased from 12*65 to 6*9, i.e. 55 per cent, left 
undecomposed. Results at the end of 7 days lead to the same conclusion. 
Whereas the figure for the 5/ 50 solution decreases from 25*25 to 3*35 
(i.e. 13 per cent, undecomposed), the 5/200 solution only decreases from 
6*265 to 2*83 (i.e. 45 per cent, still imdecomposed). 

Bearing in mind the fact that the solution in which the excess acid 
was in the form of sulphurous acid was poorer in thiosulphuric acid at 
the start than those in which the excess acid was sulphuric acid, the 
figures show that the substitution of an excess of sulphurous for an 
excess of sulphuric acid has resulted in a slight increase of stability of 
the thiosulphuric acid; but taking into account the inaccuracy of the 
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toxicity figures, this increase in stability is insufficient to affect the 
toxicity figures appreciably, except perhaps for the S/20 solutions; as 
both of these are completely toxic under the conditions of the test, any 
such difference cannot show itself. 

The toxicity, therefore, varies with the thiosulphuric acid content as 
far as can be judged from the result of this test, which, as it turns out, 
is admittedly not a very searching one. Even though the replacement 
of the excess of sulphuric acid by the excess of sulphurous acid did not 
result in any great change in thiosulphuric acid content, the difference 
in sulphur deposition ((12), p. 181) shows that the equilibrium of the 
solutions was definitely upset in other ways. The toxicity figures following 
the thiosulphuric ones and not the sulphur deposition make the con- 
nection between the toxicity figures and thiosulphuric acid content the 
more likely to be a causal one. The decomposition of the thiosulphuric 
acid becomes very slow when it reaches a concentration of about S/100 
or lower. This solution is almost completely toxic in 24 hours. This fact 
may explain why S / 20 thiosulphuric acid remained completely toxic 
when the spores were exposed for 24 hours even when tested 7 days 
after the solution was made up, and why an S/200 solution had approxi- 
mately the same toxicity whether tested immediately after the solution 
was made up, 1 day or 7 days afterwards, as stated on pp. 179 and 180 
of the previous paper (12). 

We can test still further the idea that sulphur owes its fungicidal 
action in soil to the formation of thiosulphuric acid; we can see to what 
extent the minimum toxic concentration of thiosulphuric acid found in 
the laboratory fits in with the minimum effective dressing of sulphur 
in the field. 

An exposure of Wart Disease spores to an S/200 solution of thio- 
sulphuric acid for 10 days results in about 19/20 being killed ((12), 
p. 178). It has been calculated that a dressing of about 11 cwt. sulphur 
per acre can free the soil from disease in the ensuing season (10). We can, 
therefore, say that these two treatments are roughly equivalent in their 
effects on the disease-producing organism. 1000 c.c. S/200 solution of 
thiosulphuric acid contains 

200 = °' 16gm - sul I ,llur - 

11 cwt. per acre is roughly equivalent to 0*055 per cent, on the top 
9-inch soil; assuming a 20 per cent, soil mixture content, 1000 c.c. soil 
solution will contain 0*055 x ~ 

— 2*75 gm. sulphur. 
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For 1000 c.c. of solution to be completely toxic we have, seen that it 
must contain 0*16 gm. sulphur as thiosulphuric acid over a period of 
10 days, i.e. — — , or roughly G per cent, of the sulphur added. 

It is not likely that the fungicidal action of sulphur would ever be 
over in so short a time as 10 days; if not, the above figure of 6 per cent, 
must be reduced, but against this must be placed the fact that the 
thiosulphuric acid has to reach eacli spore by diffusion in at least the 
minimum toxic concentration, seeing that it is continually decomposing 
it must start off at the source, the sulphur particle, at a somewhat high 
concentration. 

After preparing this communication for publication the writer has read the 
criticisms made by Williams and Young (14) of deductions drawn in an earlier 
paper (12). They state: “Recent work by Roach and Glynne was interpreted by 
them as pointing to thiosulfuric acid as a toxic factor. However, since the thio- 
sulfurie acid is a very unstable acid and since the condition of their experiments 
were such as to insure the presence of polythionic acids, the toxicity which they 
measured was undoubtedly that of the polythionic acids. Furthermore, the tables 
given by them show a notable toxicity of pentathionic acid itself when compared 
with other acids tested.” 

Facts reported on pp. 85-92 of this paper are a sufficient answer to that part 
of their criticism which is based on the supposed complete instability of thio- 
sulphuric acid. 

The sample of barium pentathionatc used ((12), p. 188) was exceptionally pure 
(over 90 per cent.), and in making up the pentathionic acid solutions allowance was 
made for the 10 per cent, impurity which was probably water . The dilute solutions, 
when made up, were free from all but traces of sulphite and thiosulphate 1 and re- 
mained so the whole perkxl of the tests (up to 10 days). The toxicities of these solu- 
tions therefore probably were a fair measure of that of pentathionic acid. The present 
writer cannot agree with Williams and Young's statement: “the tables... show a 
notable toxicity of pentathionic acid itself when compared with other acids tested” 
and sees no reasons for departing from the original conclusion ((12), p. 175): “The 
three polythionic acids were of the same order of toxicity as sulphuric acid” (see 
Fig. 8 in which the relevant data are reproduced). Even assuming, what may actually 
be true, that pentathionic acid has a slightly higher toxicity than sulphuric acid, it is 
definitely less toxic than thiosulphuric acid, the difference being outside the large 
limit of experimental error of the tests. Whatever the cause of the toxicity of acidified 
thiosulphate solutions it can hardly be through the formation of pentathionic acid 
which is of lower toxicity when compared on a sulphur basis. 

That thiosulphuric is the factor chiefly, if not entirely, responsible for the toxicities 
of the sulphur compounds considered (over and above that due to the hydrogen ion) 
soems to offer the simplest explanation and the one most free from contradictory 

1 Williams and Young give the results of no such tests to establish the purity of the 
compounds used in their work. The writer found it necessary to prepare many samples 
and purify repeatedly before one even relatively free from thiosulphate was obtained. 
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facts and unproven assumptions; hence it is retained unless and until a better one 
presents itself. The difficulties and uncertainties connected with the chemistry of 
sulphur compounds make anything approaching a final conclusion at this stage 
unjustifiable. 

As already stated, the above tentative conclusion referred to Wart Disease only 
and does not necessarily relate to any other fungus. 



10 days s /20 


i mi n 

i mi n 



p.173 p. 176 p.178 

From Roach and Glynne (12) 

Fig. 8. Toxicities of various sulphur acids towards Synchytrium endobiolicum. 


Key to diagram : 



Sporangia stained faintly and therefore alive. 

Sporangia stained to intermediate degree and probably dead. 
Sporangia stained deeply and therefore dead. 
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Discussion. 

It was suggested on p. 83 that the oxidation of sulphur to sulphate 
in soil-sulphur mixtures may take place in the following stages: ^ 

sulphur -> thiosulphate -> polythionate(s) sulphate. 

There seems little doubt that sulphate is the end-product under a variety 
of conditions. Pentathionate has been proved in the present investi- 
gation to be formed, and to accumulate, in sulphur-treated Rothamsted 
soil kept at 20° C., but, even if formed under the other conditions tried, 
it did not accumulate appreciably. These observations have been con- 
firmed by Hobson (see Appendix). He has also shown that thiosulphate 
when added to soil is changed first into pentathionate and then into 
sulphate. Of the change of sulphur into thiosulphate, the present investi- 
gation offers no more than a mere suggestion (p. 82), but Guittonneau 
and Keiling(4, r>, 6, 7) proved that thiosulphate accumulated in soil- 
sulphur mixtures under the conditions of their experiments. Moreover, 
they showed that the addition of peptone greatly increased the accumu- 
lation of this substance, thus proving that the degree of accumulation 
is affected by the chemical composition of the soil solution. 

These facts afford sufficient indications of the sensitiveness of the 
above series of chemical changes to physical and chemical conditions. 
They suggest the possibility that under the conditions of 1925 and 
previous years, when sulphur treatment was effective in controlling Wart 
Disease in the succeeding crop of potatoes, the oxidation of the sulphur 
may have taken place in such a way that there was a temporary accumu- 
lation of thiosulphuric acid sufficient to make the soil solution toxic to 
the fungus, whereas under the colder and in other ways different con- 
ditions of 1926, when the disease was apparently unaffected, there was 
little or no accumulation of this substance. 

This explanation is the only one put forward at present at all in 
harmony with the facts; but it cannot be regarded as established unless 
and until a definite connection has been proved between the amount of 
thiosulphuric acid accumulating in the soil and the degree of effectiveness 
of the treatment. 


Summary. 

(1) Thiosulphuric acid has been shown to exist in a free state. 

(2) It is relatively stable in dilute solution; an Mj 200 solution is 
only half decomposed at the end of 1 day and an Mj 400 solution at the 
end of 10 days only. 
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(3) This degree of stability is sufficient to account for the fungicidal 
action of acidified thiosulphate solutions in terms of the liberated thio- 
sulphuric acid. 

* (4) It can be calculated that it is only necessary to assume 6 per cent, 
of the minimum quantity of sulphur found effective against Wart Disease 
in the field to be in the form of thiosulphuric acid over a period of 
10 days in order to account for its toxicity. 

(5) Experiments of a preliminary nature carried out on sulphur- 
treated soil proved the formation of pentathionate in Rothamsted soil 
kept at 30° C., but not in Ormskirk soil kept at the same temperature, 
nor in either soil at the lower temperatures of 0° and 15° C. 

(6) No definite evidence of the accumulation of appreciable quan- 
tities of thiosulphuric acid in the soil was obtained, but reasons are given 
why this negative evidence is by no means final. 

(7) Chemical considerations and the work of others suggest that the 
pentathionate actually identified in the soil solution arose from thio- 
sulphuric acid formed in an early stage of the oxidation of the sulphur. 

(8) The explanation of the fungicidal action of sulphur towards Wart 
Disease in soil in terms of the formation of thiosulphuric acid is alone in 
harmony with the ascertained facts. 


APPENDIX. 

By R. P. HOBSON. 

( Department of Insecticides and Fungicides , Rothamsted Experimental 
Station i, Harpenden.) 

After Mr Roach’s departure from this laboratory, I continued for a 
short time the experiments started by him on the decomposition of 
sulphur in the soil and am taking this opportunity, offered to me by 
him, of presenting certain results which while of interest do not merit 
separate publication. 

Incubations of sulphur and soil gave results which agree in general 
with Roach’s findings. Sulphate was found to be the main product of 
the reaction and the only intermediate compounds whose presence could 
be established with any certaihty were the polythionates. In one ex- 
periment carried out at 30° C. the amount of polythionates lay between 
2 and 7 per cent, of the sulphur added (0*1 gm. per 100 gm. soil) for a 
period of 30 days. During this time the amount of soluble sulphur 
rose from 44 to 58 per cent, of the added sulphur. At temperatures of 
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0° C. and 15° C. polythionates were present only in traces, less than 
1 per cent, of the sulphur added. 

On one occasion a water extract of sulphur-treated soil gave a blue 
colour with acidified potassium iodide solution containing starch, which 
suggested the presence of persulphate. The extract, however, gave no 
blue colour with an alcoholic benzidine solution, a test which is sensitive 
to one part of persulphate per million. An extract of untreated soil with 
dilute sulphuric acid released iodine in the same way, probably through 
dissolving a metallic oxidising constituent, as aqueous extracts gave 
negative results. The sulphur-treated soil was alkaline (/jH 8-3), but it 
is reasonable to suppose that local acidity in the region of the sulphur 
particles brought into solution the oxidising agent. There can be no 
doubt that persulphate was absent. 

In order to test the stability of thiosulphate in soil, sodium thio- 
sulphate was added to Rothamsted soil, in amount equivalent to 0-1 gm. 
sulphur per 100 gm. soil . After 5 days’ percolation was carried out and 
the percolate analysed 5 per cent, of the sulphur was found in the 
form of sulphate, 84 per cent, as polvthionates and only 1 1 per cent, as 
thiosulphate. Part of the last may have been present as sulphite which 
was not estimated separately. The disappearance of the thiosulphate 
was not due to the instability of thiosulphuric acid in acid solution, as 
the soil was slightly alkaline in reaction. It seems probable that such a 
powerful reducing agent cannot exist in the presence of material as labile 
as soil without undergoing oxidation. 

In view of the rapid disappearance of added thiosulphate it is not 
surprising that thiosulphate could not be detected in sulphur-treated 
soil. As polythionates were the main transformation product of the 
added thiosulphate, it seems not unlikely that the small amounts of 
polythionates found in sulphur-treated soil originated from thiosulphate. 
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EXPERIMENTS WITH A MOSAIC DISEASE 
OF TOMATO 

By J. HENDERSON SMITH, M.B., Ch.B., B.A. 

( Department of Mycology, Rothamsted Experimental Station , Harpenden.) 

(With Plate IX.) 

Description of Virus. In the experiments described in the following 
pages a virus was used which produces in the tomato a mosaic disease 
somewhat different in appearance from the usual tomato or tobacco 
mosaic. It was given to the writer in 1925 by Dr W. F. Bewley, who 
had found it on tomato two or three years previously, and had given it 
the name of Aucuba mosaic of tomato from its resemblance (not, it 
must be admitted, very close) to Aucuba mosaic of the potato. In its 
general characters as well as in the nature of the disease it produces, it 
corresponds very closely with the virus of tomato or tobacco mosaic, 
but it differs from the latter in the much greater intensity and brilliance 
of the leaf-symptoms. Since its first isolation it has been maintained 
regularly on tomato without change in these symptoms, and the differ- 
ence, while possibly only one of degree, is so striking that it is difficult 
to avoid the conclusion that there is also a difference in the two viruses. 

It seems probable that this mosaic is the same as the “Yellow 
Tobacco Mosaic” (Tobacco Virus 6) first described by Johnson in 
1927 (8) and again referred to by Hoggan(7). The characters of the virus, 
so far as they are known, are the same in both, and the signs produced 
by yellow mosaic on tomato and tobacco, as shown in the figures in 
Johnson’s paper, resemble very closely those produced by the virus 
here described. Without further work, however, and until a more satis- 
factory system of virus classification has been established, it is impossible 
to be certain that the two are identical. 

While the signs on the plant vary somewhat with the variety of 
tomato and still more with external conditions of temperature and light, 
and the rate of growth, the following description of it as it occurs on 
Kondine Red tomatoes is fairly typical of the disease in general. When 
the plants are very young at the time of inoculation, i.e. with only 
about three leaves large .enough to be readily inoculated, and the 
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conditions are favourable for rapid growth, the first signs appear in the 
young developing leaves of the crown about the 5th day. These show 
a downward curling of the whole leaf, with slight turning down of the 
margins, and the surface of the leaf is rough, wrinkled or corrugated. 
The colour is still green with no sign of chlorosis or mottling, but the 
evidence of abnormal growth is quite definite. By the 7th or 8th day 
points of chlorosis appear on these curled leaves, sometimes at the base 
of the leaflet, more usually at the tips and margins, and these rapidly 
increase in number, are distributed over the whole surface of the leaf, 
and tend to coalesce. By the 12th or 13th day, when usually six more 
leaves have unfolded, the signs of disease differ in the different leaves. 
The original three may still show no chlorosis, or only a slight yellowing 
of the veins, and the youngest leaf may also be quite green. But the 
fourth and fifth and sometimes the sixth, i.e . the leaves developing after 
inoculation, are extensively affected. In extreme cases almost the whole 
surface is pale yellow to white with here and there small islets of intense 
dark green, which stand up as small blisters. In less extreme cases the 
green areas are larger, but as a rule the area of white or pale yellow is 
greater than the green area. The surface is uneven and there may be 
turning down of tip and margins. These three leaves show the most 
extreme form of the disease which will be seen in the whole plant. The 
younger leaves at this time show only scattered patches of white or 
yellow, frequently angular or triangular at vein intersections, and the 
youngest leaf may be entirely green. As growth proceeds each leaf in 
turn may come out with only slight colour changes, but later on each 
develops more or less extensive signs, though rarely in the later leaves 
is the chlorosis so extensive as in the fourth to the sixth leaves. When 
the plant reaches a height of 18 to 24 in., by which time the first flowers 
are forming, a typical leaf will show on each leaflet areas of four different 
shades. Most of the surface is green, partly of normal tint and partly 
of a deeper and richer shade. Scattered over the leaf are patches 
of white and patches of yellow, usually sharply delineated but some- 
times shading into neighbouring areas, irregular in shape and size, often 
angular, and occurring in all parts of the leaf (Plate IX, fig. 1). 

The plant is not killed, but goes on to the production of fruit, which 
may or may not be mottled. But its growth is checked : compared with 
normal plants of the same age, it is stunted and of spindling habit. 
There is no necrosis. Sometimes the extensive chlorotic areas, especially 
in the fourth to sixth leaves, dry out, and turn a dull brown, but necrosis 
is not a character of the disease, and in many cases even this secondary 
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bronzing does not occur. There is little tendency to extreme malforma- 
tion, though quite definite fern-leaf has been noted occasionally on 
plants growing rather slowly, e.g. in the autumn. 

In atypical cases, or when incubation is unusually prolonged or the 
disease is less acute, the leaves may show at first a yellowing of the 
veins, which thereby become more conspicuous, and appear as a yellow 
network on a green background (Plate IX, fig. 2). As a rule these leaves 
later develop intervenal signs. If the plant is already well grown, i.e. 
with flowers already out, at the time of inoculation, the signs appear 
on the younger leaves, and not on the older parts, incubation is pro- 
longed to 14 days or more, and there is not the extensive whitening seen 
on the plant which has been infected young. The signs are, however, 
perfectly clear and definite, and of the same character as those in the 
later-developing leaves of the plant infected young. 

From this description it will be seen that the course of the disease 
resembles very closely that of the usual mosaic on tomato or tobacco. 
The character of the symptoms also on the whole resembles the more 
common disease, and, as is shown later, this virus is like the ordinary 
mosaic in its filterability, resistance to heat, to alcohol, to dilution and 
to ageing, and in its ready transmissibility by inoculation of juice or 
tissue as well as by insects. But the actual picture presented by the 
Aucuba or yellow type is much more striking, more spectacular, than 
any which the writer has seen with the usual mosaic. The white areas 
are more intensely white, the green areas more vividly contrasted, and 
there is usually a sharper delimitation between the two. When the two 
types are seen side by side, the difference is very conspicuous. Essen- 
tially, however, the two diseases are the same in kind throughout, and 
the Aucuba type has been used in these experiments as a typical mosaic 
disease, because it is very characteristic, easily recognisable, and not 
liable to be confused with the mottlings due to physiological or environ- 
mental conditions or with possible contamination by other types of 
mosaic. 

Methods of Inoculation . Inoculation was made at first by simple 
pricking with a needle through juice dropped on the leaf, a total of 
80-100 punctures being made on at least three leaves per plant. In 
later work this method has been modified by supporting the leaf on 
the wooden slip used to mark the pot, dropping on it the inoculum, and 
then scratching through the drop with the point of a needle in a number 
of places, usually about 30 per leaf and always inoculating at least three 
leaves. This method avoids all contact of the hands with the leaf or 
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inoculum, and is effective. The weakness of all such methods is that 
one has very little idea of the amount actually inoculated and not much 
assurance that any two plants have received the same dose, whatever its 
size. The variation, however, can hardly be greater than 100 per cent., 
and an accuracy of this order is as great as is necessary in most work. 

In a number of cases infection was carried out in a different manner. 
A petiole was cut across, and the cut end dipped into a small phial 
containing the juice to be inoculated. The plant absorbs the contents 
of the phial through the cut surface, and in this way a definite dose 
can be introduced. But the method is too laborious for use with large 
numbers of plants. It is also rather uncertain, since one plant may take 
up in one hour as much as 1 c.c., while another takes up only 0*2 c.c., 
and sometimes only quite small quantities may be taken up in 18 hours. 
Further, it would seem to be less efficient. In one series of four plants 
absorption of 0-5 c.c. of filtered juice by each, and in another series of 
six plants absorption of 0*7 c.c. by each failed to produce the disease 
in any, while in a third series only 50 per cent, of the plants took the 
disease as against 83 and 100 per cent, in two other series done at the 
same time with different methods. 

Mdhod of Filtration. The method adopted to obtain filtered juice is 
as follows. Leaves and succulent parts of the stem of infected plants 
are weighed, minced with scissors, and ground in a mortar without sand, 
distilled water added gradually with renewed grinding in the quantity 
of 3 c.c. of water to 1 gm. of tissue, and the mass squeezed by hand 
through muslin. The resulting turbid green liquid is then passed, under 
pressure, through a cylinder tightly packed with alternate layers of sand 
and paper-pulp 1 , which gives a perfectly clear brown fluid. (At one time 
instead of the cylinder filter-paper was used, the liquid being passed 
through the same paper more than once, but this was a slow and un- 
certain process.) The clear fluid is then passed through first a “L 1,” 
and then at once through a “L 3” Pasteur-Chamberland filter; and the 
filtered fluid immediately distributed in small volumes (5 or 10 c.c.) into 
test-tubes or flasks, and remains bacteriologically sterile. The whole 
process from cutting the plant to final distribution of 150-250 c.c. of 
fluid requires about 4 hours: all apparatus having been previously 
sterilised. Unless otherwise stated, “filtered juice” in this paper means 
juice prepared in this way. From 100 gm. of tissue to which 300 c.c. 
of water are added, 330-340 c.c. of crude liquid are obtained after 

1 This should be made from macerated ashless filter-paper; the usual commercial 
compressed pulp alters the reaction of the juice. 
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squeezing through muslin. Some liquid, of course, remains in the mass 
of tissue, but one may reckon that the juice is diluted 1 in 8 to I in 10 
before passing through the candles. 

Effect of Dilution. In Table I is shown an experiment to determine 
to what extent filtered juice can be diluted and still remain infective. 
The dilution was made with distilled water, a fresh pipette being used 
for each step. It will be seen that 1 in 1000 is still fully infective; 1 in 
10,000 infective but less markedly; with 1 in 100,000 or weaker strengths 
infection did not occur. This is the usual result with juice obtained 
from young plants grown under standard conditions and with the signs 
of disease well-marked, about 4 weeks after infection; but some varia- 
tion occurs under other conditions, e.g. when the plants are less succulent 
or older. Also, the 1 in 100 dilution may not always produce 100 per cent. 

Table I. 


Filtered juice diluted in distilled water. 


Dilution 

No. of plants 

No. positive 

% positive 

1 : 10 2 

8 

8 

100 

1 : 10 3 

8 

8 

100 

1 : 10< 

8 

3 

37-5 

I : 10 5 

8 

0 

0 

1 : 10 6 

8 

0 

0 


infection, not even when a dilution of 1 in 10,000 is still partially in- 
fective; but with 1 in 100 dilution infection of over 80 per cent, was 
always obtained during the season of the year favourable to growth. 
These results correspond well with those obtained with the usual tobacco 
mosaic virus. With it, and using unfiltered juice, infection may still be 
got with dilutions of 1 : 100,000 or even 1 : 10 6 (Allard (l)), but filtra- 
tion always reduces notably the extent to which dilution is practicable. 

Resistance to Heat and Ageing. The filtered juice withstands heating 
for 10 minutes at 80° C. but is no longer infective after exposure for the 
same time at 90° C. (Table II). These limits are no doubt subject to a 
certain amount of variation, according to the composition of the par- 
ticular juice or other factors, and also according to the concentration 
of virus in the sample under test. No definite thermal death-point is 
possible, since there is involved a time-factor which varies with the 
concentration of the material undergoing destruction. But with stan- 
dardised plants and uniform methods inactivation occurs regularly 
between 80° C. and 90° C. in 10 minutes. No attempt has been made to 
obtain more precise determination. 
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Table II. 

2*5 o.o. samples of filtered juice in thin- walled tubes, with thermometer attached, 
introduced into water-baths at the temperatures named, and withdrawn to cold water 
after 10 minutes. Great care was taken to ensure that the whole sample was deeply 


immersed. 

Temp. (° C.) 

No. of plants 

No. positive 

% positive 

60 

7 

7 

100 

60 

7 

7 

100 

70 

8 

8 

100 

80 

8 

8 

100 

90 

8 

0 

0 


Similar results have been obtained with tobacco mosaic in tobacco 
juice by various observers. For example, Mulvania(ii) found that with 
10 minutes exposure 80° C. reduced the infectivity not at all, 83° C. to 
80 per cent., 85° C. to 50 per cent., 89° C. to 10 per cent., while 90° C. 
abolished it. (See also Allard (2) and McKinney (9).) With tomato mosaic 
Walker (16) found the infectivity destroyed in 10 minutes between 85° C. 
and 90° C., though on one occasion juice was still infective after 95° C. 
for the same time. 

Filtered juice is still infective after being kept in subdued light at 
room temperature for one year or more. 

Resistance to Alcohol. The virus is not destroyed by 90 per cent, 
alcohol after one hour’s contact at room temperature — see Table III. 
In these determinations absolute alcohol was added to filtered juice in 
sufficient quantity to give the desired concentration, the volume of juice 
being the same in all series. After thorough mixing, the vessel was 
corked and left for one hour at room temperature, and then the mixture 
was centrifuged for 30 minutes. The supernatant liquid was pipetted off, 
and tested separately; to the deposit was added distilled water equal in 
volume to that of the original juice, and after thorough mixing the 
liquid was inoculated. As Table III shows, the deposit remains fully 
active even from 90 per cent, alcohol. The supernatant liquid, however, 
remained slightly active after 70 per cent, alcohol treatment, and still 
more after 60 per cent. This is not in agreement with Allard’s work (2), 
who with tobacco mosaic found the supernatant inactive after precipi- 
tation with 45 per cent, or stronger alcohol. The discrepancy is due 
probably, not to a difference in method, but to imperfect sedimentation 
in my experiments, the available centrifuge running at low speed. This 
is suggested by the variability in the result, as shown in Table III, and 
also by the fact that when the supernatant was passed through a “L 3” 
candle, it was quite inactive, even from 50 per cent, alcohol, probably 
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because the filter removed small flocculi which had not come down in 
the centrifuge (cf. Olitsky and Boez(i3)). Even after 4 days’ contact 
with 60 per cent, alcohol, the virus remained fully active, giving 100 
per cent, infection, and repeated washing of the precipitate with 60 per 
cent, alcohol did not reduce its infectivity. 

Walker (16), using tomato mosaic juice, found the precipitate infective 
after one hour’s treatment with alcohol in all concentrations from 33 
to 95 per cent. Allard (2), on the other hand, found the precipitate not 
infective after 1-2 days’ contact with 75 or 80 per cent, alcohol, using 
tobacco mosaic from tobacco; and cucumber mosaic in cucumber juice 
cannot withstand even 45 per cent. (Doolittle (3)). 


Table III. 

Effect of Alcohol. 

A. After 1 hour’s contact and then centrifugalisation. 


Concentration 

alcohol 

0 / 

/o 

Precipitate 

{Supernatant until tered 

Supernatant filtered 

No. of 
plants 

No. 

positive 

No. of 
plants 

No] 

positive 

No. of 
plants 

No.' 

positive 

50 

. 

. 

. 

. 

8 

0 

60 

8 

8 

8 

6 

8 

0 

60 

8 

8 

8 

2 

8 

0 

70 

8 

8 

8 

1 

. 

• 

80 

8 

8 

8 

0 

. 

. 

90 

8 

8 

. 

. 

. 

. 

B. After 4 days’ 

contact with 60 

% alcohol 

: precipitate: 

8 plants, 8 positive. 


This high resistance to alcohol of certain plant viruses is a remarkable 
phenomenon, and the only parallel to it to be found in the literature 
of other virus diseases is in the case of the virus of foot and mouth 
disease of cattle. But even here the resistance appears to be of a lower 
order. The English Commission on this disease (4) found that the virus 
occasionally withstood 60 per cent, alcohol for 18 hours, but never 
longer in their experience; and the resistance varied with different 
samples of virus, some being inactivated after 5-6 hours’ contact. The 
supernatant liquid also occasionally remained infective. Olitsky and 
Boez(i3) found that the foot and mouth virus with which they worked 
resisted 60 per cent, alcohol for 26 hours or more, and that the super- 
natant liquid was always inactive if care were taken to remove from it, 
by filtration or otherwise, all undeposited flocculi of precipitate. They 
believed, however, that this resistance is not a genuine property of the 
virus. In their view, the virus is really sensitive, but the precipitate (of 
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protein or other material present in the liquid) produced by the alcohol 
protects the virus from its action; and, when the formation of this pre- 
cipitate is prevented, e.g. by modification of the reaction of the liquid 
by addition of sodium hydrate, the virus is killed in a very short time 
(a minute or two) and shows no more resistance than Bacillus coli or 
Staphylococcus . It seemed desirable to repeat this work with a plant virus. 

Preliminary experiments showed that to prevent the formation in 
tomato juice of visible precipitate on the addition of alcohol to 60 per 
cent., considerable quantities of NaOH are necessary. Even with 1*0 c.c. 
of N/l NaOH solution and alcohol to 60 per cent, precipitation was 
usually visible within half-an-hour of adding 5 c.c. of juice, although 
small in amount and delayed in formation. With 1*3 c.c. up to 2-0 c.c., 
as a rule, no precipitate appeared, even after some hours. These large 
amounts of NaOH are, however, themselves toxic to the virus (Table IV). 

Table IV. 

To tho stated volumes of N/l NaOH solution in water, was added distilled water to 
bring the volume to 5 c.c. and after thorough mixing, 5 c.c. of active virus juice were 
added and well mixed. After 2 hours’ contact at room temperature, the mixtures were 
inoculated to, in each case, six young tomato plants, with the following results : 

0*5 c.c. N/l NaOH 100 % positive 

1*0 c.c. „ 83 „ 

1-5 c.c. „ 16-6 „ 

2 0 c.c. „ 0 „ 

0 „ 100 

In order, therefore, to prevent precipitation by the alcohol one had 
to use a quantity of NaOH which already of itself reduced the infec- 
tivity of the virus. It seemed, however, that this might make the test 
of the action of alcohol still more sensitive, and the following experiment 
was therefore carried out. 

To three test-tubes were added 1*3 c.c., 1*6 c.c., and 2*0 c.c. respec- 
tively of normal NaOH solution. To these were then added absolute 
alcohol sufficient to bring the final mixture to 60 per cent., and after 
mixing well, 5 c.c. virus juice were added, and thoroughly mixed. All 
the tubes remained free from visible precipitate (and remained clear for 
8 hours at least). 

Four tubes were then taken, A , B , (7, D. To A were added 1*3 c.c. 
jV/ 1 NaOH solution, then 9*45 c.c. absolute alcohol, and these mixed 
well; then 5 c.c. filtered virus juice were added and thoroughly mixed. 
After standing at room temperature for 1 hour 50 minutes, during which 
time no precipitate appeared, the mixture was inoculated to 8 young 
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Kondine Red plants in the usual way. Of these, two, viz. 25 per cent., 
developed the disease, both after an incubation period unusually pro- 
longed, viz. 18 and 21 days respectively. 

To B was added no NaOH, but 1*3 c.c. water instead, and then 
alcohol and juice as before. After 1 hour’s contact, the mixture was 
centrifuged for 30 minutes, the supernatant liquid removed, and replaced 
by 5 c.c. water, in which the deposit was well shaken up. This was then 
inoculated to 8 plants as before, all of which developed the disease, 
7 on the 9th day and 1 on the 13th day. 

To 0 were added 1*3 c.c. N/l NaOH, 9*45 c.c. water ( i.e . no alcohol), 
and 5 c.c. virus as before. After 1 hour 45 minutes, the mixture was 
inoculated to 8 plants. Of these, two, i.e . 25 per cent., developed the 
disease, and again in both cases late, viz. on the 16th and 21st days. 
The alkali alone, therefore, without alcohol, reduced the infectivity of 
the virus to the same extent as did the alkali-alcohol mixture. 

To D were added 10*75 c.c. water, and 5 c.c. virus juice; and after 
1 J hours the mixture was inoculated to 8 plants, all of which developed 
the disease by the 14th day, five of them in 9 days. 

It appears then that the presence of alcohol to 60 per cent, in the 
alkalised mixture did not reduce still further the infectivity of the virus 
already lowered by the alkali alone, and there is nothing to suggest that 
in the case of this plant virus, alcohol in the concentration used is really 
toxic to the virus, and is able, if the formation of a protective precipitate 
is prevented, to exert its toxic action and destroy the virus. 

Cultivation outside the Plant. Hitherto all recent attempts to obtain 
increase of any plant virus outside of living plant tissue have failed, 
with one exception. Olitsky (12), using no unusual or special technique, 
inoculated sterile normal tomato juice with the juice of mosaic tomato, 
subcultured from this into normal juice, and obtained infection even 
with the 12th subculture. This represented a dilution of 4/10 16 , far 
outside any possibly infective dilution of the original inoculum. Several 
workers have tried to repeat this experiment but without success 
(Goldsworthy (5), Mulvania(iO), Purdy(i4)), and no explanation of the 
difference in result is as yet available. Equal want of success has 
attended all experiments with the Aucuba or yellow type of mosaic, 
but, since the difference from Olitsky’s result may be due to some 
apparently minor point of technique, one such experiment is given here 
in some detail in spite of its negative result. 

Sterile tomato juice was obtained from young actively growing 
normal tomato plants * by the same method as was used in the 
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preparation of filtered virus juice, the crude juice in this case being passed 
through filter-paper, instead of sand and paper-pulp, before being passed 
through the “LI” and “L3” candles. After final filtration it was 
distributed in 5 c.c. volumes and incubated for 1 week at 27° C. Suc- 
cessive batches of such juice were prepared from time to time, and no 
juice was used that was more than 3 weeks old. The pH of this normal 
juice in four successive batches was 5*5, 5*1, 5*5 and 5*5 tested colori- 
metrically. After incubation, tubes were inoculated in the following 
manner from young tomato plants showing recent and well-marked 
signs of the Aucuba disease. Petioles, or young stems, were cut across 
with a sterile scalpel, seared at the end with a red hot knife, capillary 
tubes inserted through the seared surface and small quantities of juice 
sucked up and transferred to tubes of the medium. In all, 21 tubes 
were so inoculated, constituting the 1st subculture, and were then 
incubated at 27° C. After 5 days, from each of these tubes 0*1 c.c. was 
transferred to a tube of fresh medium (a separate pipette being used 
for each tube); this constituted the 2nd subculture. The process was 
repeated every 5 days, giving the 5-day series of cultures. Similarly, 
every 10, 15 and 25 days, subcultures were made, giving the 10-day etc. 
series. There were therefore 4 series of subcultures, differing in the 
periods of incubation. Any tube showing obvious contamination was 
rejected, but this rarely occurred. From time to time tests of the sub- 
cultures were made by inoculation to plants. For this purpose, from 
each of all the tubes of a subculture in any one series 0-2 c.c. was with- 
drawn as a sample, the samples mixed together, and the mixture inocu- 
lated to young tomato plants in active growth. Inoculation was made 
by needle prick, at least 80 punctures per plant in 4 leaves, and further, 
a small pledget of cotton wool soaked in the juice was inserted into an 
incision in the stem. The plants were held for at least 5 weeks, and 
examined regularly. The batches of uninoculated medium were tested 
in the same way, always on 6 to 8 plants. 

The results of all inoculations made up to the 4th subculture are 
shown in Table V. The amount of the original inoculum of infected 
material could not be exactly measured, and varied a little in every 
tube with the quantity of juice taken up in the capillary, which also 
took up small pieces of tissue. It was estimated to be about 0*01, and 
not to exceed 0*05 c.c. in any tube. Taking the larger figure as an outside 
estimate the dilution of the inoculum was in the 1st, 2nd, 3rd and 4th 
subcultures, 1 x 10 2 , 5 x 10 3 , 25 x 10 4 and 125 x 10 5 respectively. The 
3rd subculture, then, represents a dilution of the original inoculum of 
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Series (days) 

Subculture 

Table V. 

No. of plants 

No. positive 

% positive 

5 

1st 

4 

2 

50 


2nd 

6 

1 

10-6 


3rd 

8 

1 

12*5 


4th 

10 

0 

0 

10 

3rd 

6 

2 

33-3* 


4th 

8 

0 

0 

15 

4th 

8 

0 

0 

25 

4th 

8 

0 

0 


♦ This figure is unreliable, since the test of the batch of medium used for this sub- 
culture gave one positive result. 

1 in 250,000, a dilution still possibly infective; but the 4th subculture, 
being a dilution of 1 in 12,000,000, is outside the range of still infective 
dilution. As is shown in Table V, in no case was infection got with the 
4th subculture (nor in several examinations of later subcultures); but 
in one at least of the series the 3rd subculture was still slightly infective. 
No evidence, therefore, was obtained of multiplication of the virus. 

This experiment was repeated the next season, using as normal 
medium a juice differently prepared. Here the tissue was ground up in 
an apparatus devised by W. A. Roach ( 15 ), and so finely that no intact 
cells could be detected under the microscope; the liquid was then passed 
through a “L 1” and then a “L 3” candle. The preceding experiment 
was then repeated, using only one series, viz. 7 days’ incubation, and 
the original inoculum consisting of 0-1 c.c. of filtered virus juice, which 
was proved to be very active. Eight plants were inoculated with each 
subculture: the 1st subculture gave 7 positive, the 2nd 2, the 3rd, 4th 
and 5th, none. 

It was again repeated in 1927 in this laboratory by Dr H. H. Storey 
on the lines of the first experiment described above, using a 7-8 days 
series, and inoculating with active filtered juice. In this also no evidence 
of multiplication was obtained. A number of modifications of different 
kinds has been tried, but all have failed. 

Our experience, therefore, has been the same as that of all other 
workers, with the exception of Olitsky. There is, however, a possible 
explanation of our failure, which has not, so far as we know, been 
tested in the case of plant viruses. It may be, that for successful inocu- 
lation two factors are necessary, the virus itself and an accessory, 
non-multiplying factor, of which neither alone is sufficient to produce 
the disease but the two together are capable of causing infection. This, 
according to Gye(0), is true of the filterable chicken sarcomas of Rous. 
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It might, therefore, be the case that growth of the virus did occur in 
our subcultures, but its presence was not detected on inoculation owing 
to the loss of the accessory factor either through the high dilution in- 
volved in the subculturing or through ageing or deterioration. We have 
not so far succeeded in demonstrating the existence of such an accessory 
factor, and only one experiment, carried out here by Dr H. H. Storey, 
will be mentioned. Virus juice was precipitated by 60 per cent, alcohol, 
and the supernatant liquid filtered. This supernatant liquid is itself, as 
has been shown above (p. 160), incapable of producing the disease, nor, 
when it was added to the 4th subculture of virus in normal juice, did 
the mixture become active, either with or without preliminary evapora- 
tion of the alcohol from the supernatant liquid. 

I have pleasure in thanking Miss M. M. Browne for her assistance 
in the growth and care of the many plants required in these experiments. 

Summary. 

A description is given of a mosaic disease produced in tomato by a 
virus, possibly identical with Johnson’s Tobacco Virus 6, which differs 
from that of ordinary tomato mosaic in the brilliance and intensity of 
its leaf-symptoms, but in other respects is indistinguishable from it by 
the characters investigated. 

The filtered juice of infected plants transmits the disease in dilutions 
in water up to 1 in 10,000, retains its activity for a year or more at 
room temperature, and withstands heating for 10 minutes at 80° C. but 
is inactivated at 90° C. 

It is not inactivated by alcohol up to 90 per cent. The virus comes 
down with the precipitate, and is not destroyed when the formation of 
precipitate is prevented by the addition of NaOH. 

Attempts at cultivation of the virus outside the living plant are 
described; all were unsuccessful. The methods employed in filtration, 
inoculation, etc. are given in detail. 
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DESCRIPTION OF PLATE IX. 

Fig. 1. Typical leaves of tomato infected with Aucuba or yellow mosaic. 
Fig. 2. Leaf of tomato similarly infected, showing yellowing of the veins. 
Photographs taken by V. Stansheld. 
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THE TRANSMISSION OF POTATO MOSAIC TO 

TOMATO 

By J. HENDERSON SMITH, M.B., Ch.B., B.A. 
(Department of Mycology , Rothamsted Experimental Station, Iiarpenden.) 

(With Plates XXIV-XXVI.) 

Introduction. 

Transference of virus disease in potato to other potatoes or other 
hosts is complicated by two facts which were unknown to, or imperfectly 
appreciated by, the earlier workers, and invalidate some of their con- 
clusions. The first of these is the existence of carriers. A given variety 
of potato may show no sign of disease, growing healthily and giving a 
good yield, and yet it may be carrying in a masked condition a virus 
disease, e.g. streak, which will produce the most marked symptoms in 
another variety on transference to it. Further, a particular potato may 
be obviously infected with one disease, e.g . mosaic, and at the same time 
be carrying a second disease of which it shows no symptoms, but on 
inoculation to another variety, intolerant of this second disease, the new 
host may develop the signs of the second disease, sometimes in the most 
unexpected form, and show little or no sign of the first disease which was 
obvious in the original host. As Atanasoff(i) says, one of the common 
difficulties in potato virus work is the appearance of an entirely different 
disease in the artificially infected plants. Unless it has been shown by 
careful preliminary tests that concealed disease is not present, the results 
of inoculation into another host may be most misleading. 

The second complication is the possibility, suggested by Johnson (2), 
that material from apparently perfectly normal potatoes may have the 
property on inoculation into tobacco of evoking a virus disease in the 
new host. Whether this is simply a special case of the carrier will be 
referred to later on, but many of the aberrant results recorded in the 
literature are certainly to be attributed to this phenomenon. 

Attempts to transmit potato virus disease to other hosts have been 
reported by several observers. Quanjer(4) failed to transmit potato 
“mosaic” to tobacco by grafting, and Schultz and Folsom (5) also failed 
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to transmit potato mosaic to tobacco either by leaf-mutilation or by 
spinach-aphids. There seems, indeed, to be no definite record of successful 
transmission of any potato virus disease to tobacco, before the experi- 
ments of K. M. Smith (6), who produced ring-spot by leaf- mutilation 
inoculation of material from Arran Victory potatoes affected with mosaic. 
Transference to tomato, however, has been recorded in a number of cases. 
Quanjer(4) transmitted potato “ mosaic ” by grafting, though not with 
all varieties of potato, and he states that crinkle, aucuba and leaf-roll 
are all transmissible to tomato, though in leaf-roll no signs may appear 
in the tomato find regrafting back to healthy potato may be necessary 
to demonstrate that transmission has occurred. Schultz and Folsom (5) 
by leaf-mutilation also succeeded in transmitting mild mosaic and rugose 
mosaic to tomato, getting signs in the new host similar to those in the 
original potato. Inoculation with streak material also produced disease 
in tomato, though this disease might be more like rugose mosaic than 
streak. Vanterpool(T), Fernow(S), Berkeley (9) and others record the 
development of a peculiar mottling in tomato on inoculation with potato 
virus material of different kinds, the appearance in the tomato usually 
bearing no resemblance to that in the potato and sometimes developing 
even when the inoculum was derived from potatoes showing no signs of 
disease. Some at least of these results may be attributed to the phenome- 
non described by Johnson who indeed says(S) that “the host range of 
potato viruses is apparently restricted to the potato.” Even K. M. 
Smith’s transmission of mosaic to tobacco might be included in this 
group, were it not for his failure to obtain any such disease with material 
from potatoes of the same variety proved to be free from virus. 

The experiments described in this paper deal chiefly with the trans- 
mission of mild mosaic of potato to tomato and with the characters of 
the disease so produced. No disease was obtained in tomato on inocu- 
lating with material from healthy potatoes, but a definite and character- 
istic disease was regularly produced on inoculation with material from 
potatoes infected with mild mosaic. 

Methods. 

The method of inoculation was the same in all cases. Leaves were 
taken from the potato, minced and thoroughly ground in a mortar, then 
3 c.c. of distilled water for each 1 gm. of tissue were gradually added 
with renewed grinding, and the resulting liquid was inoculated to at 
least six, usually eight, tomatoes. The liquid was dropped on a leaflet 
supported on a wooden slip and the leaflet scratched with a needle 
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through the liquid. Forty to fifty scratches were made per leaflet, and 
four leaflets were inoculated per plant. This gave an inoculation which 
was perhaps unnecessarily heavy, but it was intended to ensure that 
in the inoculation with normal material a sufficient dose should be given. 
The tomato plants were always quite young, growing rapidly and with 
only three to four leaves showing leaflets large enough for inoculation. 
They were grown in insect^proof cages until used, and after inoculation 
were usually returned to the cages, though sometimes, owing to lack 
of available space, the inoculated plants were kept on the bench in the 
glass-house, which was fumigated regularly. All plants were grown at 
temperatures over 50° F. The variety of tomato chiefly used was Kondine 
Red; but other varieties, such as Blaby, were also used, without difference 
in the results. 


Normal potatoes. 

Leaves from normal potatoes of nine different varieties have been so 
inoculated, viz. Majestic, Arran Chief, Arran Victory. Epicure. Sharpe’s 
Express, Great Scot, President, Abundance and King Edward. I am 
indebted to Dr Salaman, Dr G. F. Pethy bridge and Mr Tl. Bryan for 
much of this material. The greatest care has been taken to ensure that 
these potatoes did not harbour concealed virus. In a number of cases 
the stock from which foliage was taken had been repeatedly grafted by 
Dr Salaman with potatoes very susceptible to streak and mosaic, such 
as President and Arran Victory, without producing any disease in them; 
and I believe that all were in fact free from virus disease. The inoculated 
plants were held for at least four weeks, in some cases for six weeks or 
more. In no case was anv disease produced in the tomatoes. In several 
instances leaves were taken from the inoculated tomatoes and again 
inoculated into a second generation of six to eight young tomatoes 
without producing any symptoms in them. 1 have had no case where 
a potato, which had been shown to be normal on preliminary testing, 
produced disease in tomato. 

It seems clear that in this country and with these varieties of potato, 
potato protoplasm as such does not produce virus disease in tomato, and 
it is reasonable to suppose that the same would hold good of other 
varieties as well. One example may be given of the possible value of 
inoculation into tomato as a guide to mosaic infection in potatoes. A 
number of potatoes of the variety Kerr’s Pink, which were apparently 
normal, had been grown by Dr Salaman. They had not vet been tested 
by grafting, and presented some very slight discoloration of the foliage. 
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which aroused suspicion. With his consent leaves of these plants were 
taken and inoculated to tomatoes, in which they produced characteristic 
signs of disease within fourteen days; and later, the original Kerr’s Pink 
plants, from which these leaves had been taken, developed definite 
symptoms of mosaic disease. 

Mosaic potatoes. 

On the other hand, leaves from mosaic potatoes have invariably 
produced in tomato a definite disease, and up to the present all the 
inoculated tomatoes have shown it. The following varieties of potatoes 
infected with mosaic have been used: Majestic, Arran Chief, Arran 
Victory, Up-to-Date and Kerr’s Pink. AH have exhibited the same 
general symptoms, of which a description is given later. Three of these 
varieties were used in the normal series, when they produced no disease 
in tomato, and it is reasonable to conclude that the symptoms produced 
in the tomatoes were due to the mosaic present in the potatoes. Normal 
plants of Up-to-Date and Kerr’s Pink have not yet been procured. The 
Up-to-Date potatoes used presented certain features of interest. As is 
well known, the Up-to-Date variety is a persistent carrier of streak, of 
whose presence it shows no signs, but when grafted with a susceptible 
variety such as Arran Victory, the latter goes down with an extreme 
form of streak disease. Dr Kenneth Smith gave me some shoots of 
Up-to-Date which had no visible signs of mosaic at the time, but the 
plant was known to be infected with mosaic. He also gave me some 
shoots of Arran Victory which had been grafted with the same Up-to- 
Date plant, and showed the characteristic lesions of very virulent streak. 
Leaves from the Up-to-Date were inoculated to tomato and produced 
the usual disease, but leaves from the streaked Arran Victory inoculated 
at the same time to eight tomatoes of the same batch and kept in the 
same chamber of the glass-house produced no symptoms at all. No 
conclusion, of course, can be drawn from a single instance, but this result 
would suggest that streak may not be transmissible to tomato, at least 
not by this method of inoculation. It is noticeable that the mosaic 
present in the Up-to-Date and able to produce lesions in tomato from that 
variety was not present in the Arr^in Victory in such a form, or perhaps 
in such a quantity, as to produce any perceptible effect in the tomato, 
though presumably the mosaic must have had the chance of passing with 
the streak to the Arran Victory through the graft. Arran Victory is, as 
already mentioned, susceptible to mosaic and can transmit it to tomato 
in the absence of streak. 
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Other examples have been found where potatoes showing mosaic 
produced the characteristic lesions in tomato, but they are not detailed 
in the present paper, since opportunity has as yet been lacking to make 
certain that they contained no other virus disease than the visible mosaic. 

Characters of the disease. 

The disease as it appears in the tomato may take either of two 
distinct forms, which, however, may occur concurrently. As a rule, the 
first signs appear within fourteen days in the form of small necrotic 
spots. These come quite suddenly, often first in leaflets of the same leaf 
as an inoculated leaflet, but also often first on the leaf next above the 
inoculated leaves. They are usually isolated at first (Plate XXIV, fig. 1), 
but rapidly increase in number and may eventually coalesce to form 
larger necrotic areas. This condition may remain the only symptom 
for many days, but usually some mottling develops, either on leaflets 
already spotted or on other leaves. The second form in which the disease 
may appear is a mottle, and on the whole this is more common than 
the pure necrotic spot type. This also appears first on leaflets near the 
inoculated leaflets or on the leaf next above the highest inoculated leaf, 
usually first near the tip of the leaflet, and spreads upwards in the plant 
as it grows. The type of mottle is a spotting of paler green, sometimes 
rather fine in grain, sometimes coarser (Plate XXIV, fig. 2) and the spots 
tend to coalesce, so that the whole area of leaf affected becomes irregu- 
larly chlorotic with spots of still paler colour visible in it. The spots may 
show a tendency to form small rings of pale green or yellow enclosing 
a darker centre, but this ring formation is not so well marked in tomato 
as in some other hosts. In many cases this mottling is the only obvious 
symptom throughout the life of the plant, no necrosis developing at any 
time, but in most of these plants a few necrotic spots develop, one or 
two in every leaf, similar to those seen in the first type. In the first 
transfer from potato there is a distinct tendency for the mottling to fade 
and become much less obvious after a time, and a plant which had well- 
marked signs three weeks after inoculation may show very little a month 
later. After several transfers in tomato this fading rarely occurs. 

There is no necrotic streaking of the stems or petioles at any time. In 
this it differs definitely from the streak or stripe of tomatoes common in 
glass-houses, to which disease the necrotic spot type bears a considerable 
resemblance. The distribution of the signs is also unlike that of tomato 
streak. In the disease here described the uppermost younger leaves 
usually remain free from signs throughout. Even after many generations 
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in tomato, the upper part of the plant seems quite normal, and the plant 
looks as if it were growing out of the disease. This, however, is not the 
case: as the young leaves in turn grow older and larger, they also develop 
the mottle or spots, and the symptoms spread gradually up the plant. 
In streak, on the other hand, it is common to find the youngest leaves 
streaked and spotted even at the very tip of the plant, and in the mottle 
form of that disease the mottling occurs also on the youngest leaves. The 
mottle in streak, moreover, is of a different type, larger and more blotched, 
and more like ordinary tomato mosaic. 

Potato mosaic is not very virulent for tomato. The infected plants, 
though their growth is less than that of control plants, develop well and 
produce flowers and fruit. When combined with the yellow or aucuba 
mosaic of tomato, however, it causes a very severe disease, which has all 
the characters of true streak (Henderson Smith (io) and cf. Vantcrpool(T). 
Dickson (ii )). Even after years of propagation in tomato without return 
to the potato, it regularly produces this virulent disease when associated 
with the yellow mosaic, whether the two are inoculated simultaneously, 
or either is added to a plant already infected with the other. When the 
juice of a plant so streaked is treated with 90 per cent, alcohol for one 
hour, the potato mosaic factor of the combination is inactivated (see 
infra, p. 525) and the treated juice gives a pure yellow mosaic infection. 

As already stated, up to the present time every tomato inoculated 
directly from mosaic potato has shown signs of infection; and in the very 
numerous subsequent transfers made from tomato to tomato, whether 
with filtered or unfiltered juice, failures to obtain transmission in all 
inoculated plants have been rare, provided the plants are growing well. 
The effects in the tomato, however, are not uniform. Besides the fact 
that some plants may show mottling almost exclusively and some only 
spot-necrosis, the signs vary considerably in intensity in different plants. 
In some cases they may be so slight that they might easily be missed, 
in others they are strikingly obvious. This variability makes it difficult 
to determine whether there is any difference in the several strains of 
potato mosaic we have used, or whether the variety of potato in which 
the mosaic is found affects its virulence for tomato. With Arran Victory 
mosaic all the tomato plants inoculated developed pronounced spot- 
necrosis with scarcely any mottle (which, however, was well marked in 
later transfers from tomato to tomato), while with Up-to-Date mosaic 
the tomatoes all showed marked mottling at first and necrotic spots only 
later. There has been no difference in symptoms so constant or definite 
as to justify a distinction between the mosaics used. With Majestic 
mosaic the inoculation produced only a slight mottling in the first 
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generation of tomato, a very definite mottle in the second, and in the 
third conspicuous spot necrosis with much mottling. This apparent in- 
crease of virulence was maintained in transfers for over a year, but 
recent transfers have given very little spotting. 

When brought back from tomato into normal potato again, the 
original disease is reproduced in the latter in a more intense form: a very 
obvious mosaic, which develops in two or three weeks. We have seen no 
necrosis of the leaves or stems of the inoculated potatoes. Even after 
long propagation in tomato, inoculation into potato still produces 
typical mosaic in the latter. Cuttings were taken from healthy plants of 
President and Arran Chief, grown in sand, and, later, in soil, and when 
of suitable size, were inoculated in the usual way with the mosaic origin- 
ally obtained from Majestic potato and maintained in tomato for two 
years. Intense mosaic developed in all the inoculated plants in fifteen 
days, the controls remaining healthy. 

From tomato the potato mosaic is readily transmissible by leaf 
inoculation to other solanaceous plants. Of fifteen different plants inocu- 
lated, two only, viz. Solatium melogena esculentum and Phy sails francheti, 
developed no symptoms. In the others leaf symptoms appeared within 
three weeks in every case, viz. in Datura stramonium , Nicotiana tabacum 
(White Burley), A 7 , affinis , N . Sander at\ Solatium nigrum , S. dulcamara , 
S. villosum , S. nodifiorum , Hyoscyamus niger , Nlcandra physaloides , 
Petunia violacea, Capsicum annuum , Salpingoglossis sinuata. These 
symptoms are quite unlike those produced by the yellow mosaic, which 
is transmissible to all of these hosts except S. dulcamara , Pkysalis 
francheti and Datura stramonium (though in the last, inoculation 
in the stem produces a localised necrosis without leaf signs). The 
symptoms have a general resemblance to one another in most cases, 
except in Nicandra physaloides where they appear as rather large (about 
4 mm.) yellowish spots or blotches on the upper leaves, and smaller 
black necrotic spots on the lower leaves which show also a general 
chlorotic yellowing. The resemblance is not very close, but there is a 
tendency to form small rings in many of the hosts. This is well marked in 
Hyoscyamus niger (Plate XXV, fig. 3) and Datura stramonium (Plate XXV, 
fig. 4). The rings are usually small, about 1 to 2 mm. in diameter, much 
smaller than those figured by K. M. Smith (t>) as occurring in a different 
variety of tobacco, and probably smaller than the ring-spot described by 
Johnson (2). They appear as of a paler green with dark green centre, and 
tend to turn into spots,, the centre also becoming chlorotic and occa- 
sionally even necrotic. In tobacco (Plate XXVI, fig. 5) the pattern is very 
like the spot-necrosis disease of Johnson, figured by Hoggan(i2). 



524 The Transmission of Potato Mosaic to Tomato 


Characters of the virus. 

The characters of the virus of potato mosaic outside the plant have 
been studied chiefly in juice prepared from infected tomatoes by methods 
fully described elsewhere (10). It is filtrable, and after filtration through 
first an L. 1 and then an L. 3 Pasteur Chamberland candle produces in- 
fection when diluted 1 in 1000 with distilled water (100 per cent, of 
inoculated plants) and 1 in 10,000 (40 per cent.), but not when diluted 
1 in 100,000. The pH of the filtered juice varied in different samples from 
5*9 to 6-4. After simple clarification of the crude extract by passage 
through one layer of filter-paper, the juice still failed to infect when 
diluted 1 in 100,000 but gave incomplete infection in 1 in 10,000. 

The virus is less resistant to heat than either the yellow mosaic or 
ordinary tobacco mosaic, being inactivated in ten minutes at 80° C. in 
all cases, and sometimes at 70° C. (see Table I). In potato juice the action 
of heat is similar. Juice was extracted from President potatoes infected 
with the Majestic mosaic, and filtered through candles in the usual way. 
After heating for ten minutes at 50° C., this filtered juice produced 
100 per cent, infection; at 60° C., 100 per cent.; at 70° C., 17 per cent.; 
at 80° C., no infection. 

Table I. 



Effect of Heat 

on the Virus 

of Potato Mosaic. 



Majestic IJp-to-Date An 

an Victory 

Arran Chief 

Kerr’s Rink 


virus 

virus 

virus 

virus 

virus 

Temperature 

(a) 

(a) 

(«, b) 

(b) 

(b) 

50° C. 

100 

100 

100 

100 

83-3 

(30° C. 

300 

100 

100 

100 

80 

70° C. 

20 

0 

0 

50 

0 

80° C. 

0 

0 

0 

0 

0 

90° G. 

0 

0 

— 

0 

0 

Un heated 

100 

100 

100 

100 

100 


The figures denote the percentage of tomato plants which showed infection; six to eight 
plants were inoculated in every case. 

(а) Test made with juice filtered through candles. 

(б) Test made with juice passed through one layer only of filter-paper. 

To alcohol the virus is also less resistant than the yellow mosaic, 
being inactivated by 90 per cent, after one hour’s exposure, and some- 
times by 80 per cent. (Table II). The filtered potato juice (Majestic 
mosaic in President), after one hour’s exposure to 50 per cent, alcohol, 
produced 100 per cent, infection; to 60 per cent., 43 per cent.; to 70 per 
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cent., 29 per cent.; to 80 per cent., 57 per cent.; to 90 per cent., no 
infection. Here again the Majestic and Arran Chief strains showed higher 
resistance than Up-to- Date- 


Table II. 


Effect of Alcohol on the Virus of Potato Mosaic. 


Alcohol 

Majestic 

virus 

Up-to-Date 

virus 

Arran Chief 
virus 

% 

(t>) 

( a ) 

w 

50 

— 

100 

— 

60 

100 

85-7 

100 

70 

100 

42-8 

100 

80 

37*5 

0 

50 

90 

0 

0 

0 

Untreated 

100 

100 

100 


For explanation of figures and letters, see Table I. 

A similar difference was found in regard to ageing. In filtered juice 
(tomato) Majestic mosaic remains infective for five and a half months, 
the longest period yet tested. Up-to-Date mosaic, however, was found 
to be inactive after 12 weeks, the filtered juice having been kept in dull 
light in paraffin -stoppered tubes. 

The virus in filtered juice withstood 20 per cent, chloroform for four 
hours at 27° G., and the dyes Auramine 0 and Meldola Blue, diluted 1 in 
2000, for two hours at 27°. Acriflavin, 1 in 1000 for the same time at 
27° 0., did not wholly destroy it. and 1 in 5000 did not affect it perceptibly. 
Meldola Blue, 1 in 500, did not completely inactivate it. Formalin, 1 in 
500 for two hours at 27°, apparently killed it, but 1 in 1500 did not 
reduce its infectivity. 

Discussion. 

The marked difference in appearance of the two types of symptoms, 
the spot-necrosis and the mottle, suggests the possibility that these 
potato mosaics are made up of a mixture of two viruses. This may be 
the case, but we incline to the view that there 1 is only one virus present 
and the two types of symptoms indicate a difference in reaction of 
individual plants. In the alcohol and heat series no differentiation 
occurred — e.g. after treatment with 60 per cent, alcohol the juice might 
give a pure spot-necrosis reaction in one plant and a pure mottle in 
another plant of the same batch, inoculated at the same time with the 
same material and kept under the same conditions. The type of symptom 
is affected to some extent by external conditions — e.g . growing the 
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inoculated plants at temperatures over 70° F. markedly reduced the 
necrotic spotting and favoured the mottling. 

The disease here described bears a very close resemblance to the 
spot-necrosis disease described by Johnson (2) as obtained in tobacco by 
inoculation with the foliage of normal potatoes. The character of the 
symptoms, the occurrence of both the mottle and the spot-necrosis types, 
the distribution of symptoms and the tendency of the plant to grow out 
of the disease, the apparent increase of virulence in some cases (not in 
all) on continued transference in the new host, the thermal death-point, 
are all so closely alike in the two diseases that it is difficult not to believe 
that they are very closely related, if not identical. We have, however, 
never produced this disease with the foliage of normal potatoes (cf. 
K. M. Smith) and always produced it with the foliage of mosaic potatoes. 
Whether the two diseases arc the same or not, it is evident that the 
normal potato in the United States differs from the normal potato in 
this country: unless, indeed, the potatoes accepted by Johnson as normal 
were not, in spite of the precautions he took, free from a form of sup- 
pressed mosaic. It is doubtful whether it is possible by inspection alone, 
however careful and regular and long-continued, to determine whether 
a potato is or is not infected with mosaic. 

There arc certain points in which the disease here described differs 
from the spot-necrosis of Johnson.- His virus is inactivated by one hour's 
exposure to 50 per cent, alcohol: ours is not inactivated by 70 per cent, 
for the same time and not in every case by 80 per cent. His virus is in- 
activated by simple keeping or ageing in most cases in less than twenty 
days and sometimes in ten days: the virus (Majestic) here described 
remained infective for more than five months in tomato juice. His virus 
therefore differs from those described in this paper in its less resistance to 
ageing and to alcohol. Similar differences occur among the viruses we 
have worked with. These fall into two groups, the one represented by 
Majestic mosaic, not wholly inactivated at 70° C. nor by 80 per cent, 
alcohol and remaining active in filtered juice kept for five months, the 
other by Up-to-Uate mosaic, inactivated at 70° C. and by 80 per cent, 
alcohol and by simple ageing for 12 weeks (possibly sooner). There 
would seem to be a series of viruses, all producing similar symptoms 
and all closely related to one another but differing in susceptibility. At 
the one extreme we have the virus of Johnson, inactivated by 50 per 
cent, alcohol and by simple keeping for two or three weeks; at the 
other extreme the Majestic virus, much more resistant to both alcohol 
and ageing, while the Up-to-Date virus has an intermediate position. 
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Further work is necessary before we can conclude with certainty 
that these differences in susceptibility indicate a real and constant 
difference in the viruses themselves; but they undoubtedly suggest 
that there exist strains or varieties of the virus of potato mosaic, and 
that mild mosaic in the potato may be due to one or more of several 
allied virus strains, as yet indistinguishable by the symptoms they 
produce. 

I have pleasure in thanking Miss M. M. Browne for the care and skill 
with which she has grown the many plants required in these experiments. 

Summary. 

Inoculation by leaf-mutilation with the foliage of normal potatoes 
produced no disease in tomato. Nine varieties of potato were tested. 

Similar inoculation with foliage of mosaic potatoes produced a 
characteristic disease in tomato. Five varieties of potato were used, of 
which three had been tested in the experiments with normal foliage. 

The characters of the disease arc described. It is transmissible back 
to potato again and to other solanaeeous plants. The virus is filterable, 
is still infectious after high dilution of the extracted juice, and remains 
active on keeping for several months. It is less resistant to heat and 
alcohol than ordinary tobacco mosaic. 

The disease resembles closely the spot-necrosis disease described by 
Johnson as obtained by inoculation of tobacco with foliage of normal 
potatoes, the chief difference being the greater resistance of the potato 
mosaics here described. 

It is probable that there exist several strains, differing in resistance, 
of the virus causing mosaic in the potato. 
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DESCRIPTION OF PLATES XXIV— XXVI 

PLATE XXIV. 

Fig. 1. Leaves from tomato inoculated with potato mosaic, showing the spot-necrosis 
type of symptom. 

Fig. 2. Leaves from tomato inoculated with potato mosaic, showing the mottle type of 
symptom. 

PLATE XXV. 

Fig. 3. Leaf of Hyoscyamus niger , inoculated with potato mosaic. Size of leaf in. 

Fig. 4. Leaf of Datura stramonium, inoculated with potato mosaic. Size of leaf 6£ in. 

PLATE XXVI. 

Fig. 5. Leaf of tobacco (var. White Burley), inoculated with potato mosaic. Size of leaf 
9£ in. 

Photographs by V. Stansfield. 
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THE INFLUENCE OF ENVIRONMENTAL CONDI- 
TIONS ON THE DEVELOPMENT OF THE ANGULAR 
LEAF-SPOT DISEASE OF COTTON 

By R. H. STOUGHTON, B.Sc., A.R.C.S., F.L.S. 
(Department of Mycology, Rothamsted Experimental Station , Harpenden.) 

(With Plate XVIII and 3 Text-figures.) * 

The bacterial disease of cotton caused by Bacterium malvacearum E. F. S. 
( Pseudomonas malvacearum ), first noted by Atkinson (l) in 1891 and 
described in detail by Erwin F. Smith <u, 3) in 1901 and 1920, has rapidly 
assumed serious importance. The disease appears to be universally 
distributed throughout the cotton-growing countries of the world and 
occurs to some extent at least on all species of Gossypium, though some 
degree of varietal resistance has been reported. The disease presents 
three distinct manifestations according to the part of the plant attacked: 
(1) water-soaked spots on the leaves passing later into angular lesions 
delimited by the veins — the “angular leaf-spot,” (2) blackish lesions an 
inch or more in length on the young stems, sometimes resulting in 
girdling of the stem and death of the plant, the so-called “black-arm” 
disease, and (3) blackish spots on the immature bolls, up to a centimetre 
or even more in diameter, sunken and rounded in outline — the “ bacterial 
boll-rot.” All three of these forms of the disease have been obtained 
under glasshouse conditions by the writer by means of varied methods 
of artificial inoculation, but the present paper deals only with a series 
of experiments carried out on the conditions governing the development 
of the angular leaf-spot manifestation on young plants. 

Atkinson (l) in 1892 suggested that bad infections might be due to 
climatic conditions unfavourable to the cotton plant or conversely 
conditions favourable to the organism. Erwin Smith ( 3 ) showed that 
infection was stomatal, and Rolfs (5) concluded that in absence of moisture 
infection could not occur. Snowden (6) states that the disease is checked 
by dry weather. Nakata et al . ( 7 ) decided that in Korea the occurrence of 
the disease was largely governed by the environmental conditions, and 
stated that lack of potash in the soil and a wet season were two factors 
which especially favoured the development of the disease. 
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In 1927 the writer decided to carry out experiments on the artificial 
inoculation of cotton plants with the organism under controlled environ- 
mental conditions. After some early unsuccessful attempts, the following 
apparatus was designed and proved satisfactory. 

Description of infection chamber . 

The apparatus (Fig. 1) is essentially a double-walled infection 
chamber suitably insulated against heat-loss and provided with means 
for maintaining the air temper at ure and humidity within it at any 



Fig. 1. A, infection chamber; B, wooden walls (cross hatched); 6\ asbestos linings; D, 
heating units; E, hygrostat; F, temperature switch; G , variable resistance; H , re- 
sistance lamps; «/, conditioning vessel; A', lamp for illumination; A, constant-level 
overflow; M, battery; N, relay; O, air tube; P, aspirator; Q> glass funnel; R f filter 
pump; /S’, regulating outflow; T, constant outflow; F, trap for condensed water; 
W f air meter. 

required degree. The chamber is made by fixing a wooden box (in this 
case a tea chest 20 in. x 20 in. floor space) on blocks within a larger 
packing-case so as to leave a dead-air space of about two inches all 
round between the boxes. The inner walls and floor of the outer case 
and the outside of the inner chest are covered with “Uralite” asbestos- 
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board as lagging, and each box is provided with a hinged glass lid. On 
the floor of the inner case is another square of asbestos board carrying 
the four heating units, which in this case were small wire- wound mica 
strip-heaters as used in small electric incubators. These are held in 
position by brass clips screwed to the asbestos, and the electrical con- 
nections are made to the clips. An inch above the heating units is a false 
bottom also made of “ Uralitc” and pierced by a large number of holes; 
this serves to distribute the heat more uniformly. On the front wall of 
the chamber is lixed a Hearson Electric Temperature Switch (F), the 



D, spring contacts; E , tibrc disc; F, variable resistance; G, resistance lamps; H, switch; 

«/, fuse. 

brass sleeve of which passes through both walls of the chamber and is 
secured by lock-nuts. A suitable capsule placed in the brass stirrup 
controls the switch by means of the copper rod pressing against the 
fibre disc (E, Fig. 2) through which the two spring contacts (L), Fig. 2) 
pass. The two contacts are each connected to two of the heating units 
wired in parallel, the free ends of the strip heaters being all connected 
to one of the leads from the 100- volt mains. A two-pole, double-throw 
switch (//, Fig. 2) allows either a variable 40 ohm resistance (for the 
higher temperatures— above 30° C.) or one or more carbon-filament 
lamps in parallel (for the lower temperatures) to be connected in series 
with the other lead and the remaining terminal of the switch. By this 
means the current can be controlled to a suitable degree to ensure that 
it shall be on and off for approximately the same length of time, this 
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condition avoiding too rapid heating or cooling with the resulting wide 
fluctuations in temperature. A fuse in one main lead is provided for 
greater safety. The whole circuit is shown diagrammatically in Fig. 2. 

The control of humidity presented greater difficulties, but finally the 
apparatus figured was found to be satisfactory. A glass vessel (J, Fig. 1) 
containing water (or for low humidities dilute sulphuric acid — about 
30 per cent.), in which a carbon filament lamp is immersed, is provided 
with an inlet tube drawn out to a small aperture and reaching nearly to 
the bottom of the vessel, and an outlet tube bent at right angles and 
passing through holes in the walls of the cases into the inner chamber. 
The short piece of tube outside the chamber is constantly heated by a 
very small flame to prevent condensation. A continuous stream of air 
is bubbled through this water by means of the apparatus figured, which 
embodies the principle of the Shenstone apparatus. A glass funnel 
((?, Fig. 1) (a conical flask with the bottom broken out) is provided with 
an inlet from the main water-supply and two outlets, one, a straight 
wide-bore tube leading to the sink, and the other a smaller tube con- 
nected to the filter- pump (It). By keeping the supply sufficiently rapid 
for water always to be overflowing down the large outlet a constant 
head of water is maintained on the filter-pump. The latter delivers a 
mixture of air and water to the large aspirator ( P ) which is provided with 
one outlet for air (0) and two for water, one a siphon-shaped tube (S) 
of fairly small bore, and the. other a wider, straight tube ( T ) provided 
with a short piece of rubber tubing controlled by a screw-clip. The 
second of these allows of an approximate adjustment of the outflow, 
after which the first acts as an automatic regulator in the following 
manner. There being a constant resistance to the passage of air through 
the vessel (J, Fig. 1), any increase of pressure in the aspirator will result 
in a faster stream of water through outlet (S) and the escape of a little 
air. For greater safety still the outlet for air (0) is carried up to a level 
higher than the funnel (Q) so that in the event of the outflow of water 
becoming blocked no water can be carried over into the chamber. A long 
straight tube (F) reaching to the bottom of the aspirator serves as a 
pressure gauge. The apparatus delivers approximately 1 cu. ft. of air per 
hour to the infection chamber, as measured by the air meter (ff, Fig. 1). 

The hair “hygrostat, ” which is shown in side view at E, Fig. 1, and 
in plan in Fig. 3, consists of a wooden base about eight inches long and 
two wide, at one end of which are screwed, one on top of the other, two 
uprights cut from stout copper or brass sheet. The outer and longer of 
these carries a screw which presses against the shorter and serves to 
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adjust the longer for purposes which will be apparent. A bundle of 
human hairs (A, Fig. 3) is connected at one end to this longer upright 
by passing through a small hole bored in the copper, a knot and short 
piece of stick preventing it from slipping through, and at the other to 
a short lever fixed to a horizontal axle ( L , Fig. 3) pivoted on two more 
copper uprights screwed to the sides of the wooden base. The other 
end of the lever carries a long arm (in the actual apparatus the lever 
and arm were cut out of one piece of sheet tin) bearing at its end a piece 



Fig. 3. A % carbon contactfi: /?, coils; (\ lamp-holders (not used in this case); D, fuse; 
switch; F, 4-volt battery; heating lamp for conditioning vossel; //, hairH; 
./, mercury cups; A, lever; L, axle; M , counterpoise. 


of platinum wire bent twice at right angles, the ends dipping into 
mercury cups (» /, Fig. 3) made by sealing short pieces of glass tubing 
into holes in a block of wood by means of sealing wax. Pieces of thick 
copper wire passing through the wooden block make contact with the 
mercury. The cups are by this means connected with a carbon-contact 
relay (made by Messrs Gallenkamp and Co.) which switches on the 
current to the lamp, thus heating the water and causing the air entering 
the chamber to be charged with more water-vapour. When the humidity 
within the chamber rises to the required degree, the elongation of the 
hairs allows the long pointer to rise under the influence of the counter- 
poise (M, Fig. 3) and the relay current is interrupted at the mercury 
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cups. The hygrostat can be set for any required humidity by means of 
the adjusting screw referred to above. A diagram of the relay, hygrostat, 
and connections to the apparatus is given in Fig. 3. 

A constant (though very slow) circulation of the air within the 
chamber is obtained by connecting the intake of the filter pump ( R , 
Fig. 1) to a glass tube passing through the walls near the top of the inner 
chamber. Dishes containing calcium chloride are placed within the 
chamber so that the humidity is constantly tending to fall and is as 
constantly raised again by the entry of moist air. This is necessary, 
since otherwise the air within the chamber would soon become saturated 
by the transpiration of the plants. 

Illumination is provided by a 400 candle-power lamp immersed in 
a beaker through which water is continuously flowing, the level being 
maintained by the constant-level overflow (L). It was found that this 
illumination was sufficient to maintain the stomata slightly open. 

With this apparatus the temperature within the chamber can be 
kept constant to within half a degree on either side of the required point, 
and the humidity within a 4 to 5 per cent, range. 


Description of experiments. 

Young cotton, plants of strains previously found to be susceptible 
to the disease were used. At first several varieties were employed, but 
later 1 - 2-months-old plants of the Ashmouni variety only were used. 

A strong suspension of a young culture of B. nudvacearum was 
prepared by shaking up seven loopfuls of the culture with about 20 c.c. 
of distilled water (a definitely turbid suspension), and the plants thoroughly 
sprayed with this by means of a nasal atomiser. The strain of the 
organism used was one isolated in the laboratory from infected seed 
kindly supplied by Mr R. E. Massey, Mycologist to the Sudan Govern- 
ment. The sprayed plants were then immediately placed in the infection 
chamber, where they remained for 48 hours, this period having been 
found to be sufficient for infection to take place. At the end of this 
period the plants were returned to the glasshouse and examined at 
intervals. In those cases where infection had occurred, very small water- 
soaked spots on the leaves were visible after a period varying from two 
to four weeks. Owing to the fluctuating conditions in the glasshouse 
during the season it was not thought worth while to record the exact 
incubation period. 
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Results of experiments . 

The date given is that on which the plants were sprayed and placed 
in the chamber. In every case 48 hrs. was the period allowed in the 
apparatus. 

Exp. 1. July 4th. 2 plants, Acala variety. Temp. 35-36° C. Humidity 
83-87 per cent. No infection. 

Exp. 2. July 12th. ] Ashmouni, 1 Acala plant. Temp. 41-42° C. 
Humidity 84-87 per cent. No infection. 

Exp. 3. July 16th. 1 Hartsville, 1 Acala plant. Temp. 30-31° C. 
Humidity 87 -93 per cent. One or two spots on a few leaves. 

Exp. 4. July 19th. 1 Zagora, 1 American Upland plant. Temp. 
24*8- 25*8° C. Humidity 84 87 per cent, (but owing to the sticking of 
the hygrostat reached 95 per cent, for a short time). Heavy infection 
in two weeks. 

Exp. 5. July 22nd. 3 Ashmouni plants. Temp. 24-25° C. Humidity 
87 92 per cent. Fairly heavy infection in two weeks. 

Exp. 6. Sept. 24th. 4 Ashmouni plants. Temp. 25° C. Humidity 
83-86 per cent. Fairly heavy infection. 

Exp. 7. Sept. 30th. 3 Ashmouni plants. Temp. 30° C. Humidity 
83-86 per cent. Slight infection (2 leaves of one plant) after three weeks. 

Exp. 8. Oct. 15th. 3 Ashmouni plants. Temp. 32° C. Humidity 
83- 86 per cent. Very slight infect ion on two plants after three weeks. 

Exp. 9. Oct. 19th. 3 Ashmouni plants. Temp. 25° C. Humidity 
69-71 per cent. Slight infection on two plants in three weeks. 

Exp. 10. Oct. 25th. 3 Ashmouni plants. Temp. 27 -28° 0. Humidity 
65 per cent, (but twice up to 70-74 per cent, for short time). Slight 
infection in three weeks. 

Exp. 11. Nov. 2nd. 3 Ashmouni plants. Temp. 28° C. Humidity 
64- 66 per cent. No infection. 

Exp. 12. Nov. 16th. 6 Ashmouni plants. Temp. 28-29° C. Humidity 
58-61 per cent. No infection. 

Since in each case at least two plants were used and each plant bore 
at least six leaves the surfaces of which were sprayed with an atomised 
suspension, it is clear that considerable replication was obtained, even 
though each separate experiment was not repeated. Ample opportunity 
for infection was provided since both sides of every leaf were thoroughly 
wetted with the suspension. 

It is seen that both temperatures and humidity can apparently act 
as limiting factors. 
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Table I. 


p. no. 

Average 

temperature 

°C. 

Average 
relative 
humidity % 

Infection 

2 

41 

85 

- 

I 

35 

85 

- 

8 

32 

81 

+ 

3 

30*5 

89 

+ + 

6 

30 

85 

+ + 

4 

26 

85 

-f + + + 

7 

25 

85 

+ + 

5 

24-5 

90 

+ + + 

9 

25 

70 

+ + 

10 

27-5 

65* 

+ 

11 

28 

65 

- 

12 

28*5 

60 

- 


* Exp# in which humidity reached 70-74 per cent, for short time. 

- =* no infection ; A — very slight infection; + + -- slight infection ; + + -f - moderate 
infection; + + + + — heavy infection. 

The results are shown in Table I, in which the experiments are 
arranged in two groups, the first with a high humidity (over 80 per cent.) 
and the second including those where the humidity was under 70 per cent. 
In the first group it is seen that above 32° C. no infection was obtained, 
while at that temperature very slight attack only was possible. Under 
such conditions of high relative humidity it appears that this temperature 
is the maximum at which infection can occur. 

In the second group it is found that while slight infection was possible 
at 70 per cent, relative humidity, none was obtained at 65 per cent, 
humidity at a temperature of 28° C. (at which temperature infection 
occurs freely at high humidities). 

Further experiments are being carried out to determine whether the 
limiting temperature varies with the degree of humidity and vice versa. 
It is possible, for example, that at the lower humidities infection may 
occur at lower temperatures such as 23-25° C. In the meantime it is 
clear that both factors are of considerable importance in the development 
of the disease. Temperature, of course, can hardly be controlled under 
field conditions, but cultural methods, such as good spacing of the 
plants, avoidance of overcrowding, even possibly the thinning of branches, 
which will help to prevent humid atmospheric conditions around the 
plant, may be of considerable importance in the control of the disease. 
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Summary. 

1. The serious disease of cotton caused by Bacterium ?nalvacearum 
E. F. S. is associated with unfavourable climatic conditions. 

2. A description of an apparatus for controlling air temperature and 
humidity within a chamber is given. 

3. At humidities above 80 per cent, relative saturation the limiting 
temperature for attack by B. malvacearum was 32° C., above which 
infection did not occur. 

4. At 70 per cent, relative humidity infection was slight at 25° C. 

5. At lower humidities no infection was obtained at a temperature 
of 28° C. 
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The Morphology and Cytology of Bacterium malvacearum, E.F.S. 

By R. H. Stoughton, B.Sc., A.R.C.S., Department of Mycology, Rothamsted 
Experimental Station, Harpeiiden. 

(Communicated by Sir John Russell, F.R.S. — Received September G, 1929.) 

[Plates 24-26.] 

Introductory . 

During the course of studies on the angular leaf-spot disease of cotton, caused 
by the organism Bacterium (Pseudomonas) malvacearum , E. F. Smith, the 
production was constantly observed of bacterial forms differing from the 
normal structureless cell as seen in stained films from 24-hour old cultures of 
the organism. Of these the most conspicuous feature was the presence of 
deeply staining structures within the body, especially in preparations from 
cultures more than 4 days old. For some time these unusual forms were 
considered as artefacts produced by the staining technique, or else as 
contaminations. Observations of living bacteria from cultures derived from 
single cells, and especially evidence obtained from the examination of unfixed 
wet films by a technique . described below, proved conclusively that neither 
of these explanations was correct, and that the organism possessed hitherto 
unrecorded internal structure and variations in morphology. 


b 
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An enormous mass of literature on the subject of bacterial structure and 
variation has now accumulated. Reference need only be made to the review 
by Lbhnis (8) of the literature on the subject up to 1918, to the analysis of the 
problem of microbio dissociation by Hadley (5), to the relevant papers in the 
symposium edited by Jordan and Falk (6), and to the work of Enderlein, most 
of which has been brought together in his book “ Baktericn- Cyclogenie.” (3). 

The purpose of this paper is to present evidence for adding another bacterial 
species to those for which variation from the so-called “ normal ” type of 
reproduction has been shown to occur. It is of interest that Bacterium mal- 
vacearum belongs to the rather small group of plant pathogens, since with the 
exception of the investigations by Levine (7) and Rosen (10) on B. tumefaciens 
little work has been done on this group. 

So far as can be ascertained from the literature, Bad . malvacearum , first 
described in 1901 under the name of Pseudomoms malvacearum by Erwin F. 
Smith (11), has always been reported as an invariably structureless slender 
rod multiplying solely by transverse fission. Faulwetter (4) states specifically 
that “ no capsules, granules, or endospores have been demonstrated.” That 
the phenomena to be described are not peculiar to the particular strain of the 
organism used has been proved by examination of a number of other strains 
obtained from sources as widely apart as America, China and the Sudan. 
Although there is some evidence that the strains differ in detail, the general 
principles of development have been found to be the same. 

Material and Methods . 

In these studies a single strain of Bad. malvacearum has been used, originally 
isolated by the writer from infected seed supplied by the courtesy of Mr. R. E. 
Massey, Botanist to the Sudan Government. The purity of the strain has 
been ensured, not only by repeated platings, but in addition the culture has 
been twice restarted from a single cell isolated by means of the Dickinson 
“ Micro-Isolator ” (1). The strain is a strongly virulent one and has been used 
for infection experiments concurrently with these investigations. 

In order to obtain uniformity of results and to eliminate the possibility of 
changes produced by varying external conditions, the greater part of this work 
was carried out on agar slope cultures on standard media incubated at a con- 
stant temperature of 25° C., which is near the optimum for the organism. The 
media used were a standard potato-extract containing 1 per cent, of saccharose, 
and a synthetic medium. The potato-extract is prepared by boiling 200 gms. 
of sliced potato to a pulp and straining through muslin. The extract is made 
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up to 1 litre, 1*5 per cent, of agar added, the whole autoclaved at 15 lbs. 
pressure, filtered through paper-pulp under a vacuum, 1 per cent, of saccharose 
added and the medium tubed and sterilised at 115° (\ for 15 minutes. Some 
hydrolysis of the, sugar doubtless occurs, but as it has been found that the 
substitution of dextrose or levulose for saccharose has no effect on the organism 
the latter sugar is used on account of the ease with which it may be obtained 
in a pure condition. The synthetic medium was devised originally for the 
purpose of studying nutritional phenomena. The composition is as follows : — 

Per cent. 


Di-potassium phosphate (K 2 HP() 4 ) 0*1 

Potassium nitrate (KN0 3 ) 0*2 

Magnesium sulphate (MgS0 4 ) 0*1 

(Sodium chloride (NaCl) 0*1 

Dextrose 1*0 

Agar 1 * 5 


The phosphate, chloride and nitrate are dissolved together in a little water, 
the magnesium sulphate dissolved separately, the two solutions mixed and 
made up to the correct volume with water. The agar is then added, melted 
in the autoclave at 115° t 1 ., and the medium filtered through paper pulp under 
pressure. The sugar is then added and the medium brought to a reaction of 
7*0 IV It is then tubed and sterilised at 1 15° C. for 15 minutes. 

The organism has been found to grow freely on this medium and to produce 
the same forms as on the potato-extract. The medium has the advantage of 
being constant in composition, reasonably well buffered, and permitting of 
alterations in the nutritional factors without difficulty. Except where other- 
wise stated these two media have been used throughout the investigation. It 
is, of course, well known that with bacteria as with fungi certain stages of 
development are produced only in response to altered conditions of the medium 
or of the external physical factors, but it was thought better in this study of 
the primary morphology of Bacterium malvacearum to keep all factors constant 
and to leave the investigation of the effect of altered conditions to a later 
date. 

In the earlier part of the enquiry the work was carried out on dried films 
prepared in the usual way, fixed and stained by a variety of methods. When 
it became apparent, however, that the visible appearances bore some real 
relation to an internal structure in the organism, it was recognised that some 
technique must be employed which would avoid the drastic processes involved 

6 2 
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in the preparation of a dried film. It is obvious that in the process of drying 
alone, even if the bacteria have been previously fixed by a chemical reagent, 
some degree of distortion is produced. Further, in the staining of a dried 
film there is always the risk of deposition of precipitates, staining of particles 
adhering to the slide, distortion due to the concentration of the stain, and so 
on. In fact, with dried films, even with the most careful technique it is never 
possible to be certain that appearances seen represent real structures present 
in the living organism and not artefacts produced by the method of prepara- 
tion. Some control of the observations, it is true, can be obtained from 
examination of the living cells, but their extremely small size precludes the 
possibility of exact observations in this manner. This point will be dealt with 
later. 

Dobell (2) in his studies of nuclear behaviour in bacteria found no essential 
difference in appearance between bacteria stained in wet films and the same 
organisms in stained dry preparations. With Bad. malvacearnm this is not 
the case ; even after preliminary fixing dried films invariably show some degree 
of shrinkage of the internal structure, associated with a flattening and consequent 
broadening of the cell-body. The photomicrographs on Plate 24 (Nos. 5 and 6) 
illustrate this point. It is true that in the dried films the central structures 
to be described are much more sharply defined, but the fact that shrinkage 
has obviously occurred makes it impossible to interpret the appearance as 
representing the true forms of the structures, although the clarification of 
outline is of value in confirming the observations on the stained wet films. 

The method finally adopted was a modification of that used by Nakanishi (9) 
in bis studies on nuclear structures in bacteria. Chemically cleaned slides 
which have been kept in ammonia-alcohol, are further cleansed by flaming. 
A drop of the stain to be used (Ziehl’s carbol-fuchsin diluted with an equal 
quantity of water has been most employed) is placed at one end of the slide, 
and a thin film of the stain made by drawing the edge of a strip of typewriting 
paper over the drop and along the slide. This film should dry rapidly and 
evenly and be barely perceptible when held to the light. A small drop of 
sferile water is then placed in the middle of a flamed thin cover-glass, touched 
with a wire carrying the organisms from the culture, and the cover-slip inverted 
and dropped on the stained slide. The mount is then sealed with vaseline by 
means of a camel-hair brush, or, if more permanence is required, with gold 
size. 

The organisms take up the stain quite slowly if the film is correctly prepared, 
and the process of gradual intensification can be watched under the microscope. 
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The structures appear successively in the order of their affinity for the stain, 
and this makes their visual differentiation less difficult. This phenomenon of 
progressive staining, coupled with the fact that the organisms are not fixed by 
drying or subjected to any other distortionai process, makes it reasonable to 
assume that the appearances seen represent real structures and not artefacts. 
This is further confirmed by the fact that the appearances are practically the 
same with all the usual basic aniline dyes. Preparations have also been made 
by the same method with bacteria previously fixed by corrosive sublimate or 
picric acid ; no difference in the appearances presented can be observed. 

Structural Changes in Young Cultures of Bact. malvacearum. 

General A ppearanees. Examination of a culture 24 hours old on either of 
the standard media, stained by the method described, shows a preponderance 
of slender rods, which stain more or less evenly and deeply. These conform 
in every respect to the typical descriptions of the organism given by previous 
workers. In size they vary from about 1*5 to 4*0 p, by 0-5 to 0*9 p, and in 
shape they are cylindrical with rounded ends. If the stain is not too intense, 
however, or if the preparation is examined immediately it is made, before the 
staining process is complete, a certain number of the cells are seen to contain 
a deeply staining spherical granule (rarely two or more) usually situated 
towards one end of the cell and conspicuous by reason of its greater affinity 
for the stain. This structure is soon obscured by the staining of the rest of 
the body. 

The same general appearance is presented in films from cultures up to about 
3 days old, with the exception that the cells containing granules become more 
numerous and the latter more conspicuous, by reason of the tendency of the 
cell-body to stain less deeply. After the lapse of 3 to 4 days the cells in the 
culture 4 lose their power to stain evenly and another structure becomes visible. 
This is centrally placed and presents a different appearance in different cells 
as described on p. 474. The change in staining reaction begins with the 
bacteria at the top of a slope culture and progresses downward, so that in a 
culture about 72 hours old films prepared from the top of the slope will show 
the differentiated staining, while those from the water of condensation will 
still resemble preparations from 24-hour cultures. In a time varying from 
5 to 8 days the whole culture shows the differentiated reaction. The signifi- 
cance of this point wilt be discussed in the consideration of the nature of the 
structures. 

, Concurrently with the appearance of the central body the granules previously 
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referred to become very conspicuous, by reason of their intense stain in contrast 
with the light staining of the ends of the cells. These granules and the changes 
they undergo are described on p. 479. 

The Central Structure . — This body becomes most clearly and sharply defined 
in cultures about a week to 10 days old, while the cells are of the normal size 
and shape and before the changes which occur in old cultures have begun to 
appear. It is readily observable that the central structure bears some relation 
to the condition of the cell with regard to the division process. In immature 
cells that have clearly been recently formed by the division of a mother cell 
the structure appears usually as a homogeneous, more or less spherical, centrally 
placed body, staining with basic dyes, but less intensely than the granules 
referred to previously (Plate 24, figs. 1, 3 and 4). In some cells apparently in 
the same stage, however, the body presents the appearance of a four-lobcd 
structure, or alternatively of four very small bodies all close together in a 
“ tetrad ” formation. 

It is necessary here to emphasise the optical difficulties encountered in the 
examination of these internal structures. The extreme limit of resolution for 
a well-corrected lens-system is given approximately by the quotient of half 
the wave-length of the light used divided by the effective numerical aperture 
of the lens. That is, the expression 

X 

2 X N.A. 

gives the least distance between particles that can be observed by the given 
lens working under the best conditions. It follows that if two particles of any 
size are separated by a distance less than this, it will be impossible to resolve 
them by that lens and they will appear as a single particle. 

Working with an apochromatic objective of N.A. 1*40 in monochromatic 
green light (X = approximately 5000 Angstrom units = 0-5 p) the limit of 
resolution would, theoretically, be about 0-17 to 0 * 1 8. In practice this 
degree of resolution is rarely attained, since it is not usually possible to utilise 
the full theoretical numerical aperture of the lens, and for most purposes the 
limit may be put at about 0*2 p to 0*25 p. 

Now the diameter of a cell of Bad. malvacearum is usually about 0-6 p, 
so that the central structure will be somewhat less than this, say 0-5 p, and 
the diameter of the separate components of the “ tetrad ” (if a real appearance) 
must be of the order of 0-2 p, or perhaps a little more, while their distance 
apart will be less than this. It will be seen therefore that the resolution* of 
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this structure under usual conditions presents an almost insuperable problem, 
and it must be admitted that, although it is seen as a “tetrad,” its existence 
as a real “ tetrad ” formation is conjectural. 

In cells which are obviously in the process of division the central structure 
presents a different picture. Normally in cells of this stage it appears as an 
elongated “ dumb-bell,” comprising two rounded bodies, one in each half-cell 
with a connecting strand between (Plate 24, figs. 1 and 2). Again in some cells 
in this condition each end of the “ dumb-bell ” appears more or less bi-lobed 
or double. 

These two (or possibly four) conditions of the cell give fixed points of refer- 
ence in an attempt to construct a consecutive story from the other appearances. 
In some cells the structure appears elongated and with only slight indications 
of a “ dumb-bell ” shape ; this being commonly associated with an elongation 
of the whole cell such as occurs before the usual transverse fission takes place. 
Again in other cells the central structure appears to have divided completely 
into two before the elongation of the cell has progressed far. 

These last two appearances are apparently associated with two distinct 
methods of fission of the cell. In the first case where the central structure 
elongates with the cell the latter seems to divide by a pinching through, much 
as if it has stretched and given way in the middle. In the second case, which 
seems to be derived from the previously described “ dumb-bell ” by separation 
of the two halves, the division of the cell appears to be accomplished by the 
laying down of a transverse wall across the cell between the two halves of the 
central body. 

Reference to the photomicrographs (Plate 24) makes clear the various changes 
through which this central structure may pass. It seems reasonable to conclude 
that these different appearances represent phases in a division-cycle (possibly 
entailing two alternative modes of division) of the originally single central 
structure, and that this cycle (or cycles) is intimately correlated with the 
normal fission-processes of the cell. In some cases the central structure 
apparently divides more or less completely before the somatic division has 
progressed far, but in every case, so far as has been ascertained, the two 
processes of division are either simultaneous or immediately consecutive*. 

From these observations alone it seems justifiable to construct a coherent 
story for the division process, with a possible alternative. An attempt has 
been made on these lines to connect the various appearances into two such 
division-cycles ; these are represented diagrammatical ly in text-fig. I . 

Before passing to a consideration of the probable nature of these structures 
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reference should be made to the phenomena observed in examinations of the 
living dividing cells. 

Observations on Living Cells . 

The examination of living bacteria for evidence of their internal structures 
and division-processes is attended by many very great practical difficulties. 
The difficulties of optical resolution already referred to apply with even greater 
force in this case, since in the examination of the living unstained organism 
it is usually impossible to utilise more than at the most some two-thirds of 
the total aperture of the objective. This is in part due to the fact that the 
refractive index of the bacterial body and of its internal structures, being not 
very different from the surrounding medium, makes it necessary to restrict 
the aperture of the illuminating cone from the sub-stage condenser. In 
addition to this purely optical difficulty the problem is complicated by the 
necessity for the avoidance of contamination, combined with the provision of 
sufficient oxygen for growth, and at the same time the prevention of 
desiccation of the mount during the period of examination. 

Probably the ideal would be an examination of the dividing bacteria under 
dark-ground illumination, for under these conditions it is theoretically possible 
with some types of reflecting condenser to utilise the full aperture of an oil- 
immersion lens, resulting in a great improvement in resolution. At the same 
time this method of visual examination renders it possible to make out the 



Morphology and Cytology of Bacterium trial vacearum. 4 77 

structures much more clearly than by transmitted light. For high-power 
dark-field illumination, however, it is necessary to have a continuous system of 
approximately the same (or at least a high) refractive index between the 
front lens of the condenser and the objective. This condition is sufficiently 
nearly satisfied if the organisms are in a continuous film of liquid between the 
slide and the cover-glass. Despite numerous attempts, however, it has not 
yet been found possible to obtain a continuance of growth under this condition. 
Division has only been seen to occur where the bacteria had access to free 
oxygen, as when lying on the surface of a film of agar medium. 

Recourse has therefore been made to transmitted light, and although it has 
not yet been possible to define the structures exactly under these conditions, 
sufficient evidence has been obtained to confirm the correlation between the 
division of the central structure and cell-fission. The method found most 
suitable for these observations was as follows : — An ordinary thin glass slide 
is perforated with a hole half-an-inch in diameter and on the underside is 
cemented a thin cover-slip, so as to make a shallow chamber. A drop of 
filtered sterile melted medium is allowed to run down an extra thin cover-glass, 
and when this has set the excess of the agar film is cut away with a sterile 
scalpel, leaving a small square of very thin film in the middle of the slip. This 
is touched with a wire carrying the organisms and inverted over the shallow 
chamber. The mount is then sealed with vaseline and examination made for 
an area where only a few organisms are present in the field. Most modern 
1 /12-inch objectives will work through this thickness, provided that only 
extra thin (No. 0) cover-slips are used. 

Using this method it was possible to make out the central body as an ill- 
defined refractive structure. Continuous observation of cells during the process 
of division shows that this structure at first elongates, then becomes dumb- 
bell shaped, and finally divides into two, each half passing into one of the 
daughter-cells. For the reasons given, resolution of the central structure 
into its details has been impossible, but the evidence is conclusive for the 
presence and division of the central structure coincidently with the division 
of the cell. 

Significance of the Central Structure. 

The evidence of correlation between the division of the central body and that 
of the cell immediately raises the analogy of nuclear division. The affinity 
for basic dyes, the position in the cell, and the shape and behaviour of the 
central structure, all lend support to the hypothesis that these central structures 
are of the nature of nuclei which undergo a process of division. 
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In this connection the work of Enderlein (3) referred to in the introductory 
part of this paper is of much interest. He concludes that the nuclear unit 
(“ Mych ”) is the caryological constituent of the primitive cell (“ Mychit ”). 
The nucleus is spherical or oval in form and occupies a position close to the 
wall of the cell. In the coccus there is but one nuclear body, while in all 
other forms there are two or more. The diameter is 0*1 p. to 0*25 jjl. It 
contains no chromatin and stains hardly any more strongly than the 
cytoplasm of the cell. The nuclear body is observable only when the 
cell holds but little reserve food-substance. The latter is distributed 
throughout the young cell in ultra-microscopic granules, the “ trophoconia” 
and constitutes the “ chromatic ” material of the cell, staining strongly 
because of its high content of nucleic acid and nucleo-proteins. When 
this food reserve substance is abundant, as in young cultures, the material 
forms a dense aggregation about the nuclear body, forming a large strongly 
staining spherical body, the “ trophosomc” Even when nearly all the 
reserve has been used up the last remnant clings tenaciously around the 
nucleus, forming the element known as the “ trophosomrlle Large amounts 
of food reserve substance, which may conceal not only the nucleus but also the 
trophosome or the trophosomelle, may be removed by alcohol. Under these 
conditions, when properly stained, it *is observed that, in coccus forms, only 
a single point takes the stain. In other forms two or several such bodies become 
evident. These are often at the poles of the cell and represent the true 
bacterial nucleus or nuclei. After cell-division the heavily staining reserve 
substance soon appears in the daughter-cells. 

It will be seen how closely the phenomena described for Bacf. malvacearum 
fit this general hypothesis. Using the technique described by Enderlein it 
has been found that the central structures gain in clearness by treatment with 
alcohol, and the “ tetrad ” appearance referred to becomes even more evident. 
Whether it will ultimately be possible to resolve the apparently single body into 
two in all cases remains to be seen. In that case the two alternative cycles 
of changes suggested in text-fig. 1 would be resolved into one only. At present 
it appears as though both were possible. 

On all points one is led to the conclusion that these central structures 
represent either true nuclei or possibly (following Enderlein’s theory) nuclei 
imbedded in a mass of “ chromatic ” food reserve substance. Further these 
“ nuclei ” undergo a division process, either immediately prior to, or coin- 
cidently with, the division of the cell-body, the latter division being related 
to the nuclear process. 
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Gonidia. 

Reference has already been made to other bodies, distinct from the central 
(‘ nuclear ’ ) structures which have been described, found commonly in the 
cells of young cultures of Bad. malvacearum. These are spherical granules, 
up to 0*3 (x or so in diameter, characterised by their intense affinity for basic 
dyes. In a wet film prepared by the techniques described these granules are 
the first to take up the stain and are usually intensely stained before the other 
cell-structures are appreciably coloured. This fact allows of their differentia- 
tion from the ** nuclear ” structures, with which they might otherwise be 
confused when produced near the middle of the cell. They may be formed 
in any position, but most commonly occur rather towards one end of the cell, 
occasionally even occupying a polar position. Usually they are found singly, 
but two or more may occur in one cell. 

The granules appear to be formed either closely adpressed to, or actually 
in, the cell- wall, and as they grow in size protrude slightly when seen in profile 
(Plate 25, fig. 1). Liberation appears to be accomplished in one of two ways, 
either by simple extrusion through the wall, or else by growth on an elongated 
stalk, w r kicli may reach a length of 1 or 2 g. (Plate 25, figs. 3 and 4). It has not 
been possible to ascertain whether this stalk is formed by an evagination of 
the cell-wall or by actual growth of a new organ sui generis. The former 
hypothesis is lent support by the fact that the granule appears to be invested 
by a membrane or sac which is continuous with the stalk. This sac is not 
clearly visible surrounding the granule, but after liberation of the latter the 
stalk, which remains attached to the parent cell, commonly carries at its end 
the collapsed remains of the membrane, appearing as a faintly staining irregular 
fragment. 

The photomicrographs (Plate 25) show these various stages of the stalked 
granules and old granules bearing fragmented membranes. The liberated 
granules can be seen free in the culture under dark-ground illumination. Owing 
to their extremely small size their Brownian movement is very great and it has 
not been possible to prove conclusively whether or not they are truly motile. 
Flagellse have not been demonstrated attached to the granules. 

Bodies of this nature have been observed by other workers in all types of 
bacteria, including an immense number of species. An exhaustive review of 
observations and conclusions of a great number of workers, and a critical 
analysis of the data, are given by Lohnis in his “ Studies upon the Life-cycles 
of the Bacteria ” (8). He concludes that the Babes-Ernst “ metachromatic 
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granules,” the “ xnicrosomes ” of Klebs, the “ Eier ” of Ehrenberg, the 
“Blastia” of Perty and the “ infective granules,” “ swarm-spores,” “ conidia,” 
and many of the “ buds ” and “ umbels ” of other writers, are all of the same 
type, which he classes as “ gonidia.” This term was originally applied to 
reproductive organs of the lower algaB, and “ gonidia ” were defined by Sachs 
as organs of asexual reproduction, formed by contraction of the plasmatic 
cell content, which leave the parent cell either by breaking the cell-wall or 
become liberated when the cell dissolves. 

That the granules observed in Bad. malvacearum are of this type there 
can be little doubt, and it seems reasonable to regard them as true gonidia, 
despite the fact that they have not as yet been observed to grow out into 
normal rods. This point, together with the developmental history of the 
organism within the plant, will be dealt with in a later paper. It may, 
however, be pointed out here that both the “ nuclear ” structures and the 
gonidia have been demonstrated in the bacteria occurring within plant lesions. 


Changes Observed in Old Cultures. 

The general appearances described above persist in cultures for some weeks, 
with the exception, however, that a greater variability in size and shape of the 
individual organisms becomes more and more apparent. There is a general 
tendency towards the production of smaller forms, averaging about 2 p, in 
length, but a certain number of larger and more oval forms are also produced. 
After the lapse of about G weeks the variability becomes very marked. While 
the majority of the cells are either of the normal type or smaller, a small 
percentage (5-15 per cent.) of “ giant cells ” are found. These are of various 
sizes and shapes, up to as much as 5 p, X 10 p. (Plate 2fi, figs. 1 and 2). Many 
of them show no internal structure and stain only lightly, while others may 
contain numerous staining granules ; they resemble the so-called “ involution ” 
or “ degeneration forms ” so commonly described for many species of bacteria 
and appear to be produced in response to the unfavourable conditions for 
growth. This is borne out by an ‘experiment on the growth of the organism 
on the synthetic medium described earlier in this paper, using a variety of 
sugars in place of dextrose. The most striking effect was produced by the 
use of maltose. On this medium growth is very scanty and soon ceases. 
Examination of the culture microscopically shows the presence of large numbers 
of giant “ balloon-like ” cells of a great variety of shapes and internal structures. 
The significance of these “ giant-cells ” has not yet been worked out, but it 
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seems unlikely that they represent any real stage, in the normal life-cycle of 
the organism. They have not as yet been observed in the. plant lesions. 

A common appearance, in these ol<l cultures is the occurrence, of rather large, 
swollen, oval cells, occurring in pairs attached at their ends, and remarkable- 
for the fact that they appear usually at a constant angle to one another. 
Whether they represent daughter-cells of an incomplete but normal division, 
or are produced by some other process, is not yet clear. Several of these 
“ angled ” forms may be seen in Plate 2d, fig. 1. 

Associated with these diverse types produced in old cultures is yet another 
form. These are spherical or slightly pear-shaped (jells 2-3 [x in diameter and 
containing a single deeply staining point. In cultures which have been sealed 
with paraffin wax immediately after inoculation and left for several months 
these coccus-like forms are produced in great numbers. In such a culture 
the cells are all of two forms, very short rods of the typical structure and 
these spherical cells. The mode of production of the “ cocci ” has been 
followed in stained films from these old cultures prepared by the technique 
described. 

Method of Formation of the Cocci . 

The spherical coccus -like forms are produced by a process of budding of the 
normal or somewhat swollen rods and oval forms in old cultures. The bud 
appears first as a small protuberance from the wall of the parent-cell, which 
enlarges and swells into a spherical form. The bud is usually formed at the 
point in the cell where the “ nucleus ” lies. During its growth it remains 
attached to the parent cell by a very short and narrow neck, which provides 
continuity between the plasma of the cell and that of the bud. As the bud 
increases in size a portion of the nucleus ” of the parent-cell passes through 
the narrow neck and ultimately becomes abstrictcd as the nucleus ” of the 
free coccus. In this respect the “ nucleation ” of the coccus appears to differ 
from the process observed in ordinary vegetative division. In the latter a 
symmetrical division of the “ nucleus ” takes place about the transverse axis 
of the cell, while in the former a portion of the parent “ nucleus ” seems to 
squeeze through the narrow channel of attachment and then to become cut 
off by the separation of the bud. This passage of a part of the “ nucleus ” 
into the bud is shown in Plate 26, figs. 3 and 4, while text-fig. 2 shows drawings 
of cocci in various stages of development. 

The biological significance of these coccus-like reproductive forms is not yet 
clear. The fact that they are normally produced only under adverse conditions 
for vegetative development of the culture suggests that they may represent 
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Text-fig. 2. — Drawings of “ cocci ** in various stages of formation. Magnification about 

17,000 diams. 


some more resistant form of the organism than the normal vegetative rod. 
If this is so it would help to explain the many inconsistencies observed by 
different workers on the resistance of the organism to various lethal agents, 
such as temperature, desiccation, and disinfectants, and they (or the gonidia) 
might prove to be a factor in the persistence and spread of the disease in the 
field. The fact that no “ normal ” resistant spores are formed by organisms 
of this group has always been a stumbling-block in attempted explanations of 
the method of persistence of the various diseases caused by them from season 
to season. 

Summary. 

1. Bacterium (Pseudomonas) malvacearum , E.F.S., has hitherto been described 
as possessing no internal structure or reproductive bodies, and as multiplying 
solely by transverse fission. 

2. A technique is described for staining the bacteria without previous drying 
or fixing. 
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3. Using this technique several structures and a variety of different morpho- 
logical forms have been observed in Bacterium malvacearum. 

4. An internal central structure is described, which passes through a division 
cycle, which is correlated with the division of the cell-body, and is suggestive 
of nuclear division. 

5. Small granules with a strong affinity for basic dyes are described. These 
are formed in the wall of the cell and are liberated by simple extrusion, or grow 
out on a stalk from the end of which they are freed. These bodies resemble 
the “ gonidia 5 5 of other writers. 

6. The occurrence and mode of formation of spherical coccus-like bodies in 
old cultures is described. 

7. “ Giant-cells ” and other atypical forms have been found to occur in old 
cultures. 
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EXPLANATION OF PLATES. 

Plate 24. 

Figs. 1-4. — 2 to 4-week culture of Bacterium malvacearum , showing stages in the division 
of the central structure. Preparations made by the wet-film method. Stained 
carbol-fuchsin. X 2000 approx. 

Figs. 5 and 6.— Dried films from 2 -week cultures, showing shrinkage of internal structures 
and distortion of cells. Stained Bleu de Roux. Fig. 5, X 1500 ; fig. 6, X 2200 


approx. 
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Plate 25. 

Figs. ] and 2. — 2-week culture, showing gonidia in the cells and in process of liberation. 

Fig. 1, X 2150; tig. 2, x 1500. Wet-film preparation. 

Figs. 3, 4 and 5. — Ditto. Stalked gonidia and remains of stalk and membrane. X 2200, 
approx. Wet-film preparation. 

Fig. 6 . — Living cells under dark-ground illumination, the lowermost cell showing a 
gonidium in the wall. 


Plate 26. 

Figs. 1 and 2. — 4-week cultures, showing production of “ giant-cells,” “ angled ” pairs 
and atypical forms. Wet-film preparation. 

Figs. 3-6. — 4 to 8-week cultures, showing production and method of “ nucleation ” of 
“ cocci.” Fig. 4, x 3000 ; others, X 2000, approx. Wet-film preparation. 
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THI0N1N AND ORANGE G EOR THE DIFFERENTIAL 
STAINING OF BACTERIA AND FUNGI IN PLANT 

TISSUES 

By R. H. STOUGHTON, B.Sc., A.R.C.S. 

(. Department of Mycology , Rothamsted Experimental Station , 
Harpenden , Herts.) 

(With Plate VII.) 

In the course of studies on the disease of cotton caused by the organism 
Bacterium malvacearum the need arose for a method of tracing the pro- 
gress of the organisms through the tissues of the host. Sections were 
stained by many different methods, most of the well-known combinations, 
such as the Pianeze stain as used by Vaughan (l), the Giemsa stain as 
modified by Wright and Skoric(2), Ziehl’s carbol-fuchsin and light green, 
iron alum haematoxylin and so on, being tried, as well as a number of 
other combinations. None, however, gave a really satisfactory result. 

The organism produces a considerable amount of slime, and this stains 
very readily, with the result that the bacteria are obscured by the diffuse 
stain. Further, none of the combinations referred to differentiated between 
the slime and the host tissues. 

Thionin is well known as a stain for differentiating mucin in animal 
tissues owing to its high metachromasy, mucin being stained pink and 
other tissues shades of blue and purple. Used in aqueous or phenol solu- 
tion on diseased plant tissue it gave very promising results, but the 
required degree of differentiation of host and parasite was not obtained 
owing to the intense staining of the host tissue. Orange G in alcoholic 
solution was, however, found to be a good differentiating agent and at 
the same time acted as an excellent counter-stain for the cellulose walls. 
The technique adopted was as follows: 

Paraffin sections. 

(1) Xylol to remove wax. 

(2) Grade through alcohols to water. 

(3) Stain in the following solution 1 hour: thionin, 0*1 gm. ; 5 per cent, 
solution of phenol in distilled water 100 c.c. 

(4) Grade through alcohols to absolute alcohol. 
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(5) Differentiate in a saturated solution of orange G in absolute 
alcohol. 

(6) Wash thoroughly in absolute alcohol. 

(7) Xylol-alcohol. 

(8) Xylol. 

(9) Mount in balsam. 

The differentiation is accomplished fairly quickly, usually in about 
| to 1 minute. The progress may be controlled under the microscope, but 
with a little practice satisfactory differentiation can be carried out by eye 
observation only. The treatment with orange G is continued until the 
sections lose their bluish-purple colour and become uniformly yellowish 
green. 

In plant tissues the parasite is stained violet-purple, cellulose walls 
yellow or green, lignified tissue blue, nuclei pale blue with purple nucleoli 
and chromosomes in dividing nuclei deep blue on a purple spindle. Nuclei 
in fungal hyphae are clearly picked out in deep purple. For hand sections 
the procedure may be shorter. 

(1) Sections in water. 

(2) Stain in carbol-thionin 5 minutes. 

(3) Wash in water. 

(4) 95 per cent, alcohol. 

(5) Differentiate in the solution of orange G (several minutes). 

(6) Wash well in absolute alcohol. 

(7) Clear in xylol. 

(8) Mount in balsam. 

The stain has been found to give good results with such different 
materials as Bacterium malvacearum on Gossypium , B. radicicola in root 
nodules of legumes, Plasmodiophora on Brassica , Synchytrium endobioti- 
cum on Solanum , Peronospora on Capsella , Phytophthora and Sclerotinia 
on seedlings, Botrytis on Allium , and Puccinia on Anemone . The pro- 
cedure is so rapid and so easily carried out that the stain combination 
should prove of value for class purposes. 

Apparently any reliable brand of thionin is satisfactory; good results 
have been obtained with a sample from British Drug Houses and also 
with the “ Soloid” brand tabloids of Messrs Burroughs, Wellcome and Co. 

A modification which may prove of value in particular cases is to 
remove the orange stain by regrading the sections to water after differen- 
tiation, and then running up again to xylol. By this means all the orange 
is removed, leaving the parasite very conspicuous against unstained walls. 
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EXPLANATION OF PLATE VII. 

Fig. 1. Bacterium malvacearum in stem of cotton plant. Microtome section of material 
fixed in Zenker’s fluid. Stained thionin and orange G. Photographed with \* achro- 
matic obj. x 10 Periplanatic ocular. Panchromatic plate. Wratten “M” filter (green) 
x 530. 

Fig. 2. Peronospora parasitica in stem of Capsdla. Hand section of old material in spirit. 
Stained thionin and orange G. Photographed with §" achromatic obj. x 10 Peri- 
planatic ocular. Panchromatic plate. Wratten “M” filter (green) x 100. Note the 
differentiation of nuclei in the fungal hyphae. 
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